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SUMMARY
S U M M A R Y
Key rhizosphere soil enzyme assays were developed to study the impact of 
P s e u d o m o n a s  fluorescens  SBW25 in large wheat intact core microcosms with a 
combined substrate addition of urea, colloidal chitin and glycerophosphate. Substrate 
addition caused increases in chitobiosidase, N-acetyl glucosaminidase, arylsulphatase 
and urease activities. Inoculation increased chitobiosidase and urease but decreased 
alkaline phosphatase activities. Inoculation with substrate addition gave opposing 
effects to treatments without substrate addition.
P. fluorescens  strains FI 13, repressed in 2,4 diacetylphloroglucinol (DAPG) 
production to create a DAPG- strain (FI 13 G22), and SBW25 EeZY 6KX with non­
functional modifications (marker genes) were compared with the wild types (FI 13 and 
SBW25), for their impact in pea microcosms. The DAPG+ strain caused a shift 
towards slower growing indigenous bacterial colonies (K strategists) and reduced the 
total P s e u d o m o n a s  population compared to the other inoeula. The survival of SBW25 
was ten times greater than FI 13. The DAPG+ strain caused a significant decrease in 
the shoot: root ratio and resulted in higher alkaline phosphatase, phosphodiesterase and 
arylsulphatase and lower p glucosidase, p galactosidase and N-acetyl glucosaminidase 
activities than the other inoculants.
P s e u d o m o n a s  fluorescens  FI 13 was evaluated as an inoculant in sugar beet field 
trials. The inoculum established at 5x105 bacteria/root system. No significant 
differences caused by the inoculum were found. However, phosphorus cycle enzymes 
along with arylsulphatase activity were negatively correlated and urease positively 
correlated with the soil phosphate content.
Lactose and kanamycin were added to SBW25 EeZY 6KX inoculated pea 
microcosms. Lactose addition decreased the shoot:root ratio, and increased the 
phosphorus and the carbon cycle enzyme activities. Kanamycin only affected the 
alkaline phosphatase and phosphodiesterase activities. Both amendments increased the 
total culturable bacterial populations. The community structure with the GMM 
inoculum and kanamycin addition showed the only impact of the GMM, the shift 
towards K strategy, found in other kanamycin treatments, was reduced.
ABSTRACT
ABSTRACT
Most attempts to monitor the effects o f introductions o f Genetically 
Modified Micro-organisms (GMMs) have centred on the enumeration o f  
specific populations. However for a significant perturbation to be measured, 
changes o f between 100% and 300% (0.3 and 0.5 on a log scale) are 
necessary for the impact to be significant. Standard population 
measurements, assessing the survival, dissemination and effect on total 
indigenous populations do not give an indication o f the functioning o f the 
ecosystem. A range o f soil enzyme assays have been developed as 
alternatives to population measurements. Assays for determining 
chitobiosidase, N-acetyl glucosaminidase, J3-glucosidase, p-galactosidase, 
acid phosphatase, alkaline phosphatase, phosphodiesterase, aiyl sulphatase 
and urease activities from small soil samples were developed. These assays 
were employed to assess the impact o f microbial inoculation into the 
rhizosphere o f crop plants and compared to traditional microbial population 
measurements.
The impact o f a chromosomally modified Pseudomonas fluorescens  
(SBW 25) in the wheat rhizosphere using a large intact core microcosm was 
studied with a combined substrate addition o f urea, colloidal chitin and
ABSTRACT
glycerophosphate. The substrate addition caused an increase in the soil 
chitobiosidase, N-acetyl glucosaminidase aiyl sulphatase and urease 
activities but did not affect acid and alkaline phosphatase and 
phosphodiesterase activity. Seed inoculated with P. fluorescens  caused 
significant increases in rhizosphere chitobiosidase and urease activities and a 
significant decrease in alkaline phosphatase activity. Inoculation with the 
bacteria in the presence o f substrate gave opposing effects to those 
treatments without substrate addition. Using these enzyme assays 
perturbations o f less than 20% could be detected.
Two strains o f Pseudomonas fluorescens were compared in microcosm  
experiments one with a functional modification o f strain F l 13 with repressed 
production o f the antibiotic 2,4 diacetylphloroglucinol (DAPG), to create the 
DAPG negative strain F113 G22. The other, SBW25 EeZY 6KX, with non­
functional modifications consisting o f marker genes (.LacZY , xylE  and lean1)  
only. Both were assessed, along with the corresponding wild types (F113 
and SBW25), for their effects upon the indigenous microflora, plant growth 
and rhizosphere soil enzyme activities. Significant perturbations were found 
in the indigenous bacterial population structure, with the F l 13 (DAPG+) 
strain causing a shift towards slower growing colonies (K strategists).
ABSTRACT
The DAPG+ strain also significantly reduced, in comparison with the 
other inoeula, the total Pseudomonas populations. The survival o f the FI 13 
strains were an order o f magnitude lower than the SBW25 strains. The 
DAPG+ strain caused a significant decrease in the shoot to root ratio in 
comparison to the control and other inoculants. The FI 13 (DAPG+) inoeula 
resulted in higher alkaline phosphatase, phosphodiesterase and aiyl 
sulphatase activities than the other inoculants and lower p glucosidase, p 
galactosidase and N-acetyl glucosaminidase activities. These results indicate 
that the soil enzymes are extremely sensitive to perturbations in the 
rhizosphere ecosystem and are sensitive enough to measure the impact o f  
GMM inoculation.
The impact o f the biocontrol agent Pseudomonas fluorescens  FI 13 upon 
soil biochemistry was evaluated in sugar beet field trials in conjunction with 
UC Cork and Irish Sugar. The inoculum established as an effective 
population size greater than 5x10s bacteria per root system upon the harvest 
o f the sugar beet, 3 months after sowing. Phosphorus cycle enzymes (acid 
phosphatase, alkaline phosphatase and phosphodiesterase), along with aiyl 
sulphatase activity were negatively correlated with the soil phosphate 
content. Urease activity was positively correlated with the phosphate 
content. No significant differences were found that could be attributed to the 
experimental treatments. This indicates that either the effect o f the tr eatment
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was small, or the variation in field chemistry was greater than perturbations 
that may have been caused by the field trial treatments.
The Pseudomonas fluorescens  FI 13 inocula therefore had a large effect in 
short tenn experiments and residual perturbation in long term field trials 
could not be detected. A good target in the effective use o f a rhizosphere 
based biocontrol agent is during seed germination and early seedling growth 
especially with diseases like Pylhium. This is an important attribute in terms 
of risk assessment as residual effects are not desired especially in terms o f  
the biosafety or containment o f such an inoculum.
An experiment was conducted to determine whether the impact o f a 
Pseudomonas fluorescens  SBW25 strain, genetically modified for 
kanamycin resistance and lactose utilisation, could be enhanced by soil 
amendment with lactose and kanamycin. Lactose addition decreased the 
shoot root ratio o f pea and the inoculated GMM, both soil amendments 
increased the populations o f total culturable bacteria. Lactose amendment 
increased the acid & alkaline phosphatase, the phosphodiesterase activity 
and the carbon cycle enzyme activities, whereas the kanamycin addition only 
affected the alkaline phosphatase and phosphodiesterase activities. None o f  
the soil enzyme activities were affected by the GMM under any o f the soil 
amendments. The community structure with the GMM inocula in the
ABSTRACT
presence o f kanamycin showed the only impact o f the GMM compared to 
the wild type inocula. The shift towards K strategy (slower growing 
organisms), found in the other kanamycin amended tr eatments, was reduced. 
The functional consequences o f the perturbation to the bacterial community 
profile caused by the GMM under kanamycin amended conditions is 
unclear, and requires further investigation, especially into the strain’s 
efficacy as a biocontrol agent.
The methodology allowed a suite o f enzyme activities to be measured, 
enabling simultaneous evaluation o f enzymes from different nutrient cycles. 
The measurement o f a range o f enzymes from various cycles allows 
comparative assessment o f the nutritional status o f the ecosystem The 
experimental approach incorporated varying levels o f ecosystem complexity 
in terms o f environmental contr ol. The simplest system was the homogenised 
soil semi-enclosed microcosms o f chapter 3 and 5 utilising environmental 
chambers. A higher level o f microcosm complexity was used for the 
experiment o f chapter 2 involving large intact soil cores in a glasshouse 
environment. The most complex system was the field trial o f chapter 4, 
where little contr ol over environmental conditions could be exerted.
Effects o f GMM inoculation were found in the least complex system, 
where homogenised soil o f the semi-enclosed system and strict
environmental control were applied. The more complex large intact core 
microcosms also proved to be a useful tool in environmental impact 
assessment, revealing a number o f significant effects. This microcosm is 
therefore an effective intermediary step between the simple microcosms 
described previously or plant pot experiments and full scale field trials 
Transfer o f the techniques and methodology to full scale field trials 
highlighted the presented problems. The inherent field variability that is a 
feature o f most complex experiments and is beyond human contr ol proved to 
be an important factor influencing the soil enzyme activities. The 
experiments described indicated that microbial inoculation can cause 
significant perturbations that can be detected by the soil enzyme methods 
described.
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0.1. Objectives.
Soil enzyme determinations may provide a sensitive biomarker for the detection 
o f perturbations that may be caused by GMM inoculations. Enzyme activities are 
measured on a linear scale as opposed to the log scales that microbial populations 
are measured. This may allow perturbations o f a much smaller magnitude to be 
determined. Enzyme activities are extremely important in soil nutrient cycling and 
are secreted by plant roots and soil microbiota in response to nutrient availability. 
Therefore soil enzymes are a significant component in ecosystem function.
The objectives o f the research were to>
• Devise appropriate methodology for the detection o f enzyme activities in 
soil in a sensitive and efficient maimer.
® Design experimental systems (microcosms and methodology directed 
towards subsequent enzymatic determinations) in contained environments to 
model the release o f GMMs into plant rhizospheres and to monitor the 
subsequent effect o f the inoculant upon soil biochemistry.
® To conduct experiments designed to indicate both the positive and the 
negative effects o f GMM inoculation.
These objectives give an overall view o f the impact o f GMM inoculation, which 
complements the research o f the other European IMPACT project partners.
PREFACE
0.2. EC Biotechnology programme and IM PACT project.
The EC Biotechnology programme is a major scientific enterprise funded by the 
commission o f the European Communities, Directorate - General XII for science, 
research and development.
The aim o f the programme is to provide an understanding o f fundamental 
scientific mechanisms involved in the development o f  new technology and to test 
the efficacy and safety in the application o f such technology. Projects have been 
funded to improve knowledge on the ecological implications o f releasing 
genetically modified micro-organisms into the environment by studying the 
ecological interactions o f the o f the different components o f given ecosystems at 
the molecular level.
In total there are 68 participants working on a number o f projects on the 
ecological implications o f biotechnology examining :
a) Aspects o f the behaviour o f microbial biofertilizers, micro-organisms 
interacting with the rhizosphere, and o f recombinant micro-organisms used for 
bioremediation.
b) Innovative, sophisticated methods for the monitoring o f micro-organisms in 
situ.
-2 0 -
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The study o f the impact o f microbial inoculants on soil enzyme activities 
conducted at Surrey University is funded in the IMPACT project, which is co­
ordinated by Professor Fergal O ’Gara o f University College Cork, Ireland with aid 
o f a science panel. IMPACT is one o f the projects funded by the EC Biotechnology 
programme, running between 1993 and 1996, involving 17 European partners in the 
area o f ecological implications o f biotechnology and incorporates an industrial 
platform.
The word IMPACT is an acronym for Interactions between Microbial inoculants 
and resident Populations in the rhizosphere o f Agronomically important Crops in 
Typical soils. The primary goal o f the project is to understand the molecular 
ecology o f genetically engineered bacteria in rhizosphere ecosystems. It is designed 
to “examine key areas for example: the effect o f inoculation on soil fertility; the 
potential benefits (plant health and yield) that can be achieved with these 
inoculants, both wild type and modified and the interactions o f such inoculants on 
selected components o f the rhizosphere/soil flora.” It is hoped that at the 
completion o f  the project a considerable amount o f valuable infonnation and 
technology w ill he attained that will be o f value for the commercial use o f microbes 
in various areas o f microbiology (Fig. 0.2.1).
-2 1 -
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Figure 0.2.1 Potential applications o f the findings o f the IMPACT programme 
(taken from the IMPACT brochure).
The IMPACT group met twice a year to discuss progress and develop theory, as 
well as to confirm and discuss collaborative work, which is strongly encouraged. 
Figure 0.2.2. shows a flow diagram o f Surreys major collaborative links in the 
IMPACT project. Presentations were also given by all participating groups, and 
detailed amiual progress reports were submitted. General guidelines were laid down 
as to the tasks that each partner must perform, these are set as the deliverables o f  
the project. The deliverables o f the Surrey group are summarised in Figure 0.2.3.
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SCIENCE PANEL
Prof. Marco Nuti (Padova, Chair),
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Figure 0.2.2. Cooperative links between the University of Surrey and other IMPACT partners
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Figure 0.2.3. Flow diagram to show the deliverables o f the Surrey group in the 
IMPACT project and the actions taken to fulfil them.
CHAPTER I: FUNCTIONAL IMPACT OF GMMS
C H A P T E R  1:
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(Editors: J.T. Zelikoff, J. Schepers and J.M. Lynch)
SOS Publications, Fair Haven, N .J, U S A
CHAPTER 1: FUNCTIONAL IMPACT OF GMMS
F U N C T IO N A L  IM P A C T  O F  G E N E T IC A L L Y  M O D IF IE D  M IC R O ­
O R G A N IS M S  O N  T H E  SO IL  E C O S Y S T E M .
D .C . N A S E B Y  A N D  J.M . L Y N C H  
School of Biological Sciences, University of Surrey, Guildford, Surrey, GU2
5XH, U.K.
1.1. Summary.
Most attempts to monitor the effects o f introductions o f Genetically Modified 
Micro-organisms (GMMs) have centred on the enumeration o f  specific populations. 
However for a significant perturbation to be measured, changes o f between 100% and 
300% (0.3 and 0.5 on a log scale) are necessary for the impact to be significant. 
Standard population measurements, assessing the survival, dissemination and effect on 
total indigenous populations do not give an indication o f the functioning o f the 
ecosystem. There is veiy little literature regarding the functional impact o f GMMs, for 
instance the effect upon nutrient cycling or functionally important groups of 
organisms. Through out this review a number of methods for the detection of 
perturbation in the rhizosphere/soil ecosystem are assessed. A range o f non functional 
methods are summarised first, including molecular and non molecular genetic 
population diversity studies. Functional methodology, for example nutrient cycling, is 
then assessed for application as indicators o f impact in the soil ecosystem and the 
significance o f measuring functional impact is highlighted. These functional methods
-26-
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are classified into those relying upon the culturability o f the target organisms and 
those that do not. Non culture methods discussed include biomass, respiration, nutrient 
cycling, mRNA studies and soil enzyme assays. Recently a range o f soil enzyme 
assays have been used as alternatives to population measurements. The impact o f a 
chromosomally marked Pseudomonas fluorescens  (SBW25), on soil chitobiosidase, 
N-acetyl glucosaminidase, acid and alkaline phosphatases, phosphodiesterase, aryl 
sulphatase and urease were studied. Using these enzyme assays impacts o f less than 
20% could be detected. A series o f interactions were observed which depended on 
whether a mixture o f soil enzyme substrates were added to soil. Generally, microbial 
inoculation increased the enzyme activity o f the biomass, but effects are likely to be 
dependent upon the nature o f the genetic modification. The environmental 
implications o f these effects are discussed.
CHAPTER 1: FUNCTIONAL IMPACT OF GMMS
1.2. Introduction
Modern molecular biological techniques provide the potential to manipulate (add, 
delete, change) the genetic make up o f plants, animals and micro-organisms to the 
benefit o f the human population. To maximise these benefits and minimise harm, both 
to the human populations (physically and conceptually) and to the environment, 
studies into the ecology and the effects o f Genetically Modified Organisms (GMOs) 
upon other organisms must be conducted.
At present there are strict guidelines regarding the release or the marketing o f  
genetically modified organisms, requiring extensive evaluation o f the organism itself 
and the effects o f the genetic modification prior to the environmental application o f  
such organisms (European Community (EC) directives 90/220/EEC and 94/15/EC(e), 
British Department o f the Environment (DoE) Genetically Modified Organisms 
(deliberate release) regulations 1992,1993 and 1995). Thus a thorough analysis o f  
such organisms is required, and both the EC and the DoE have provided substantial 
funding for such work. IMPACT is one o f the projects funded by the EC 
Biotechnology programme, running between 1993 and 1996, involving 17 European 
partners in the area o f ecological implications o f biotechnology and incorporates an 
industrial platform. The word IMPACT is an acronym for Interactions between 
Microbial inoculants and resident Populations in the rhizosphere o f Agronomically 
important Crops in Typical soils. The primary goal o f the project is to understand the 
molecular ecology o f genetically engineered bacteria in rhizosphere ecosystems. It is
-28-
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designed to “examine key areas for example: the effect o f inoculation on soil 
fertility; the potential benefits (plant health and yield) that can be achieved with these 
inoculants, both wild type and modified and the interactions o f such inoculants on 
selected components o f the rhizosphere/soil flora.” It is hoped that at the completion 
o f the project a considerable amount o f valuable information and technology will be 
attained that will be o f great value for the commercial use o f microbes in various areas 
o f microbiology. These will include improved inoculum technology, detection 
methodology and tools for the study o f microbial ecology.
A major goal o f research in the wide range of possible applications o f genetically 
modified organisms is in the production o f improved microbial biological control 
agents antagonistic to plant diseases. Annual losses o f economic crops world wide 
caused by plant diseases was estimated to be between 13 and 20% o f total crop yields. 
This represents losses o f over 5 X 1010 US dollars per annum (James 1981). The 
agrochemical market in 1991 was estimated at 26800 million US dollars, however 
biological control products accounted for less than 0.5% o f the total (Powell and 
Jusum, 1993).
Currently the only commercially available genetically modified biocontrol agent on 
a large scale is the bacterium Agrobacterium  radiobacter K1026 (Kerr 1989, Jones 
and Ken* 1989). This is a strain modified from a wild type biocontrol agent 
(Agrobacterium radiobacter K84) o f crown gall in rose trees, stone fruit trees and nut 
trees caused by Agrobacterium  tumefaciens. The metabolite that confers the biocontrol
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activity is the antibiotic agrocin 84, which is encoded on a plasmid along with 
resistance genes to agrocin 84. It was found that the biocontrol agent was unstable as 
the plasmid could transfer to pathogenic species. This problem was overcome by the 
deletion o f the region o f the plasmid that encoded the transfer gene, Tra, rendering the 
biocontrol agent incapable o f conjugative transfer to the pathogen. The manipulated 
strain is now commercially available throughout the world under the marketing name 
“No Gall”. Even this genetically modified strain which did not have additional 
genetic infonnation inserted, was greeted with great scepticism by the general public 
and the media, irrespective o f the proven (and increased!) safety o f the str ain and the 
subsequent benefits o f increased crop yields. This should seive as a sharp reminder of 
the stumbling blocks that can be encountered with the use o f genetically modified 
organisms and encourage thorough investigation o f eveiy aspect o f each individual 
strain/organism which is genetically modified. Release o f environmentally harmful 
GMOs would probably result in a ban o f other, potentially beneficial, GMOs.
Assessment o f potentially harmful effects of genetically modified micro-organisms 
(GMMs) on the soil and especially rhizosphere ecosystems is therefore essential (Smit 
et al 1992). Previously, most attempts to monitor the effects o f microbial 
introductions to the rhizosphere have centred on microbial enumeration o f specific 
populations, often aided by molecular techniques (for example Tsushima et al 1995). 
These methods rely on large changes, as microbial numbers, measured on a log scale, 
require differences o f between 100 and 300% (0.3 and 0.5 on a log scale) to be 
significant, and do not provide a wide picture o f the overall effect o f the introduced
-30-
CHAPTER 1: FUNCTIONAL IMPACT OF GMMS
microbe on the whole ecosystem. De Leij el al (1993a) used colony development for 
the quantitative assessment o f r and K strategists from different habitats and 
formulated an ecophysiological index (EPI), but these methods also rely on culturable 
micro-organisms. Molecular detection methods do no more than monitor or detect 
specific micro-organisms and do not give any indication o f the actual effect o f the 
inoculum on the ecosystem (Pickup, 1991, Van Elsas and Waalwijk 1991, Tsushima et 
al 1995 and for a review see Morgan 1991). Marker genes can be deployed to track 
GMMs in situ  using potential luminescence (Meikle et al, 1994), or to reisolate and 
enumerate the introduced micro-organisms. For example De Leij et. al (1993b) used a 
most probable number technique to recover a genetically modified Pseudomonas from 
soil. Such measurements only provide information about the presence and survival o f  
a specific micro-organism in soil.
Previous work using the genetically modified Pseudomonas fluorescens  SBW25 
strain carrying the lacZY  and xylE  functions has concentrated on the ecology o f the 
released organism (De Leij el al, 1994a), and has relied upon culturable methods to 
assess impacts on specific microbial groups (De Leij et al, 1994b). This, however, 
does not provide an overall view o f the impact o f the GMM upon the functioning of 
the soil ecosystem as a whole.
The measurement o f perturbations with soil biochemical factors, such as enzyme 
activities, may be an alternative way o f monitoring effects o f the introduced GMM on 
the ecosystem, in a more sensitive and comprehensive way. Soil phosphatase activity
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has been shown to be an important indicator o f the impact o f soil management systems 
and o f the organic matter content o f the soil (Jordan et at, 1995). Doyle and Stotzky
(1993) found no difference in enzyme activities (aryl sulphatase, phosphatases and 
dehydrogenase) when an E  coli strain was introduced into soil. In contrast, Mawdsley 
and Bums (1994) successfully used soil enzyme measurements to detect perturbations 
caused by a Flavobactenum  inoculation onto wheat seedlings, finding increased a  - 
galactosidase, p-galactosidase, a-glucosidase and p-glucosidase activities.
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1.3. Non-functional indicators of perturbation
In soils one o f the major factors to consider is perturbation caused by soil 
treatments, and implicit in this is that the baseline ecology is well understood. Several 
methods are now available for the measurement o f the diversity o f microbial 
populations, some o f which are therefore applicable for the detection o f perturbations 
caused by soil treatments (Table 1.1). These methods are effective in assessing the 
diversity o f micro-organisms within or between environmental samples.
METHOD REFERENCES
Fatty Acid Methyl Ester (FAME) Gumstead et aI 1988, O’Donnell et al 1994
analysis and Rainey et al 1994
Organic pyrophosphate content (ms
pyrolysis) Rainey et al 1994
Immunofluorescence van Elsas and Waalwijk 1991, Morgan 1991
Other immunological techniques Carter and Lynch 1993
Total cellular protein profiles Rainey et al 1994
Table 1.1: non-nucleic acid techniques for the measurement o f the diversity o f  
microbial populations and perturbations.
There are several other DNA/molecular based methods for identifying micro­
organisms and/or measuring their diversity, these techniques are highlighted in Table 
1.2. These methods are often highly sensitive, specific and are therefore powerful 
tools in the identification, quantification and monitoring or detection o f specific 
micro-organisms in soil.
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M ETHOD REFERENCES
Restriction Fragment Length 
Polymorphism (RFLP)
DNA finger printing 
Polymerase Chain Reaction (PCR)
Mills 1994 
Mills 1994
Mills 1994, van Elsas and Waalwijk 
1991, Morgan 1991, Seal 1994 
Mills 1994, Morgan 1991 
Christienson and Poulsen 1994, van Elsas 
and Waalwijk 1991, Morgan 1991, Seal 
1994
Ritz and Griffiths 1994
DNA/RNA sequence analysis 
DNA/RNA probes (hybridisation)
Community hybridisation techniques 
using the re-anealation time o f DNA  
samples
using the methods o f De Ley 1970
Table 1.2:Nucleic acid based methods o f identifying micro-organisms and/or 
measuring diversity.
However species concepts o f micro-organisms are much less definitive than species 
differentiation for larger organisms. It, therefore, seems more favourable to consider 
the biodiversity o f micro-organisms in terms of genetic diversity. Genetic diversity in 
itself cannot wholly be described as definitive considering the known genetic 
promiscuity of bacteria, where functional elements can be exchanged through the 
community rapidly. In this way, the community as a whole and the commutative 
expression o f the gene pool and possibly the potential cumulative expression o f the 
gene pool can be considered as one. Gene expression is measured by inducing specific 
elements o f the gene pool or alternatively by probing for specific genetic elements 
which encode targeted.
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All the methods described so far are o f importance in the study o f microbial 
population dynamics, taxonomy and diversity within the populations under study, but 
the sum o f the parts using these methods never makes the answer to the whole 
question. Furthermore they do not in themselves give any indication o f the actual 
functioning o f the community, and therefore can not give an indication o f the impact 
o f any perturbing agent on the ecological functioning o f the ecosystem. To overcome 
this problem, methods o f looking at the dynamics and functioning o f the community 
and ecosystem as a whole are required.
Functional analysis should be considered in tenns o f benefits and detriments to man 
or the environment. A proportion o f the biota will cany out beneficial functions, for 
example promoting crop growth, whereas others such as pathogens are harmful. A 
reduction in biodiversity is likely to be useful only if  the harmful components are 
eliminated. Beneficial features could be enhanced by their improvement, 
phenotypically or genotypically for example to reduce fanning inputs. This is 
especially important in areas like crop rhizosphere studies where nutrient dynamics 
can greatly influence crop yields. Functional diversity, should therefore, concentrate 
on keystone populations whose loss would be detrimental to the overall functioning of 
the ecosystem (keystone processes). The loss o f diversity in tenns o f a loss a species 
may not be o f significance in terms o f the effect on the processes it was involved in, if  
the functional gaps left are filled by other resident species, then the overall effect will 
be cancelled out.
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Microbial, biochemical and metabolic diversity may be increasing as a consequence 
o f manipulation o f the environment. The microbial communities adapt rapidly to the 
extrinsic agrochemicals and industrial pollutants, developing novel metabolic 
pathways to detoxify or resist or even to assimilate the chemicals. This has been o f  
great concern to the agrochemical and pharmaceutical industries, where microbial 
resistance to pesticides and antibiotics is o f considerable economic importance. There 
are a number o f key areas in the soil ecosystem function that should be considered in 
any functional assessment o f impact o f treatments, these key areas are summarised in 
Figure 1.1. Methods o f measuring perturbation in the different components o f the 
system are subsequently assessed through the review.
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Figure 1.1: The relationship between key areas o f ecosystem function that should be considered^ 
in perturbation studies.
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1.4. F u n ction a l in d ica tors o f  p ertu rb ation
Methods o f assessing functional diversity can be divided in two halves, those 
requiring culture techniques and those that do not. ■45%
a. Culture methods:
i. Using selective media.
Selective media can be used for the isolation and enumeration o f bacteria able to 
utilise specific components o f the media on which they were isolated on, for example 
using chitin as a sole carbon source (Inbar and Chet 1991a and b). Chitin utilisation 
(chitinase production) may be a key component in the antifungal capacity o f many 
micro-organisms (Inbar and Chet 1991a and b) and its decomposition is a key soil 
process in nutrient cycling (Gould et aI 1981). Other substrate examples include 
cellulose (Lynch et aI 1981), starch and acetate (Mills and Wasel 1980). Doyle and 
Stotzky, (1993) used soil extract media, basal media and variations including growth 
factors and amino acids to isolate a range o f micro-organisms with different 
phenotypes. Janzen et al (1995) directed their isolation techniques to select for micro­
organisms from specific communities involved in key areas o f nutrient cycling 
(sulphate reducers, denitrifiers nitrogen fixers and phosphorus mobilises). They found
a wide range o f changes in die dynamics o f different functional groups with the 
addition o f a compost extract
ii. Characterisation o f microbial communities by colony development.
De Leij et al (1993) characterised soil and rhizosphere communities by 
classifying colonies by age (speed o f appearance on agar plates over a ten day period). 
The colonies were then classified into r and K strategists, r strategists are fast growing, 
opportunistic organisms that predominate in nutrient rich environments, but are not 
competitive when nutrient sources are recalcitrant or become scarce. K strategists are 
much slower growing organisms that compete well when an environment reaches its 
carrying capacity and nutrient sources are scarce or recalcitrant. K strategists have a 
more efficient metabolism and are more abundant in crowded and well established 
niches, they tend to be less affected by toxins and perturbation than the sensitive r 
strategists (Andrews and Harris 1986). Ability to withstand toxic or changing 
conditions is an important functional attribute and thus this kind study is useful in 
diversity and perturbation analysis.
iii. The BIOLOG system.
BIOLOG relies on the redox dye tetrazolium violet to detect NADH formation by 
active microbes utilising sole carbon sources. This system was originally designed as a 
taxonomic guide for the identification of bacteria, but it has been used as a method of
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assessing the functional diversity o f microbial communities (Garland and Mills 1991, 
Zac et aI 1994). BIOLOG has the advantage that up to 95 different sole carbon 
sources can be tested for the growth o f bacteria from an environmental sample. It can 
be considered a semi-quantitative method as rate o f colour development over time can 
be assessed (up to 72 hours) but unlike specific culture media it does not allow 
enumeration o f the organisms using the carbon source and taxonomic identities cannot 
be evaluated. The problem that, like other culture techniques, only organisms that can 
grow in the substrate will give results also exists with BIOLOG. As the system is 
based on sole carbon source utilisation, only functional groups o f carbon utilisation 
can be identified, interference by fungal growth can also be a problem. The use o f this 
system in the assessment o f functional diversity or the effect o f a treatment (a 
perturbation) on functional diversity produces a very large data set and thus is a 
sensitive method o f detecting a perturbation or differences between samples, in an 
ecologically relevant man f\&r.
b. Non-culture methods:
i. Microbial biomass and respiration (activity) measurements.
There are various methods o f performing biomass measurements, which provide 
an assessment o f the whole microbial population without the necessity o f culturing the 
micro-organisms. This is important because o f the problems that culturability presents 
(for instance the high proportion o f non culturable cells in soil (Colwell et al 1985)).
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There are methods o f distinguishing between different aspects o f the soil 
biomass, for example the fungal and bacterial biomass. This is important when 
considering the bacterial biomass, as the fungal component is in general much larger 
than the bacterial component and, therefore, the bacterial biomass is overshadowed in 
total biomass measurements. Muramic acid is a molecule specific to bacteria and 
cyanobacteria and has been successfully estimated in sediments (Moriarty 1977, King 
and White 1977). There have been problems with muramic acid assays as biomass 
measures in soil, as the quantities found were much higher than the amount anticipated 
by pure culture methods (Miller and Casida 1970). This does not present a problem in 
perturbation studies, where shifts in the amount o f muramic acid are the important 
parameters rather than validation as an accurate biomass measure.
Measurements o f fungal biomass were traditionally based on chitin contents 
(Frankland et al 1978). More recently assays have been developed for the 
measurement o f ergosterol content o f soil, which has been suggested as a better index 
o f fungal biomass (Newell et al 1987). West et al (1987) recommended the 
measurement o f ergosterol content to assess changes in soil fungal communities. Fritz 
and Baath (1993) found that soil ergosterol content increased by 9% in forest soil 
polluted by alkaline dust deposition whilst phospholipid fatty acid 18:2cg6 (another 
proposed fungal biomass measure) decreased by 23%.
One method o f using microbial biomass to assess functional diversity or to 
direct biomass measurements at specific functional groups is to measure microbial
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activity as an indirect measure o f biomass and rates o f growth or activity. This
objective can be attained by substrate induced respiration (SIR) or substrate induced
growth response (SIGR) which is similar to SIR but is based on the concentration of
substrate addition required to cause growth o f the standing population (Schmidt 1992
after the models o f Simkins and Alexander 1984) measured by CO2 accumulation. SIR
(and hence SIGR) tend only to measure specific groups, i.e.: those that can utilise the
added substrate and thus can be directed at specific functional groups by varying the
carbon source added. In respiration/biomass measurements it is assumed that the
however, other substrates can also be used, 
microbial community can utilise glucose,y^for example Schmidt el al (1992) 2,4-
dinitrophenol as the inducer substrate. SIGR is a similar method to estimating the
biomass from ecophysiological maintenance carbon requirements, (Anderson and
Domsch 1985a and b) which is also measured by CO2 evolution, using vaiying carbon
sources. Maintenance carbon requirement data could be used as a method of
determining the effect o f a treatment on an ecosystem, as in natural field conditions
these values can be considered stable as a yearly mean (Lynch and Panting 1980,
Jenkinson and Ladd 1981), a change can be expressed as a shift in the ratio o f  dormant
to active portions o f the soil biomass (Anderson and Domsch 1985b). This means that
this method can be used to identify lasting or long term significant effects as a change
in the maintenance carbon requirement (which may be a shift in the community or the
diversity, but such a level of specificity would not be identified by this method, unless
targeted carbon sources are used).
CHAPTER 1: FUNCTIONAL IMPACT OF GMMS
Microbial changes in the field can often be related to soil moisture contents 
and fluctuations thereop (Van Gestel et al 1992). Therefore any treatment that 
causes changes in soil moisture holding capacity, or a microbial inoculant with 
significant properties related to soil moisture content (e.g. good survivability under 
desiccation) will have a significant effect on biomass related to fluctuations in field 
moisture content. Community diversity and available nutrients may thus be 
affected. Van Gestel et at (1992 ) and Botner (1985) found significant responses of 
microbial biomass (measured by a fumigation extraction procedure) to alternate 
wetting and drying regimes. Drying and rewetting is a fairly drastic treatment to 
the soil biomass and would thus be expected that perturbation would show in the 
biomass measurements, but it is a condition that occurs regularly under natural
i
field conditions and so must be considered in any complete assessment o f impact j 
or risk. Using similar methods to those above, with the addition o f labelled carbon 
(14C), Botner (1985) and Van Gegtel et al (1993) could distinguish the effect o f 
wetting and drying on different microbial groups, i.e.: the fast and slow growing 
microbes, which in ecological theory can be distinguished as r and K strategists (as 
described earlier).
Another method o f using respiration to produce ecologically relevant data is 
to evaluate the metabolic quotient (qC 02) o f the soil. Metabolic quotients (C 0 2 
production per unit biomass C) could be expected to be higher in younger 
ecological systems (Ross and Sparling 1993) which will contain a relatively high 
proportion o f r strategists. This suggests a combination o f respiration and other
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biomass measurements to evaluate the metabolic quotient o f  soil could also be an 
important indicator o f perturbation. Higher qC 02 could be an indicator o f larger 
proportions o f r strategists which may be present as a result o f a perturbation 
providing a flush o f available nutrients. Changes in soil respiration are a measure 
o f changes in soil microbial activity, increases in soil microbial respiration are 
expected as a consequence o f global warming (Jenkinson et al 1991). Gallardo and 
Shelsinger (1994) evaluated the response o f soil micro-organisms to changing 
environmental factors, focusing on atmospheric nitrogen deposition, by measuring 
soil respiration as well as biomass nitrogen. They found that changes caused by 
various treatments (ammonium-nitrate, phosphate and sucrose additions) in soil 
microbial biomass and respiration could be distinguished, showing that respiration 
as well as biomass N  can be used in assessment o f such perturbation.
Nitrogen in the form o f microbial biomass N may be the most important pool 
o f nitrogen in terms o f plant uptake because o f its high turnover through the 
mineral pool compared to other nitrogen pools (Stockdale and Rees 1994). This 
means that biomass N will have a large influence on plant nutrition, acting as a 
pool o f relatively available nutrients, and is especially important in stress 
conditions where nutrients are released from dying biomass. The biomass also 
releases nitrogen from other N pools making it available through the biomass N  
pool, depending on the nitrogen status of the microbial biomass, more o f the 
nitrogen (which may not be needed by the biomass) could be mineralised to the 
mineral pool. Therefore perturbation to the biomass N (and possibly other elements
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like phosphorus and sulphur) could influence crop production, and could thus act 
as an important indicator o f perturbation in a functional sense with a relationship 
with plant growth and plant nitrogen uptake/content, which would then be 
important factors to assess.
ATP relationships with biomass have been shown to be correlated 
(Jenkinson 1988). In some circumstances this relationship can break down, with 
effects o f soil organic matter and season seen (Wardle and Parkinson 1991). The 
fact that some factors do affect ATP levels in relation to biomass, indicates that in 
some circumstances it can be used as a functional measure (activity measure) of 
perturbation in combination with other biomass measures. The physiological state 
o f the soil flora can also be assessed by measuring the adenylate energy charge of 
the system (Ciardi et aI 1991).
Other biomass measures may indicate a perturbation in the biomass caused 
by a treatment, but do not give an indication o f what aspect o f the biomass (the 
nature o f the changes) is affected, unless they are used in combination (as 
described earlier with the metabolic quotients) with other biomass measurements, 
or with other soil properties (e.g. soil enzymes).
ii. mRNA studies.
Messenger RNA is the intermediary step between DNA and functional products 
(e.g. enzymes). Measurement o f mRNA has a distinct advantage over DNA
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measurement as it is only produced in response to ecological conditions resulting in a 
functional product and is therefore more o f a definitive indicator o f functional impact. 
It thus indicates activity with respect to the gene (i.e. it is a measure o f activity not just 
the presence o f the gene) and the physiological condition o f the target organism.
Geremia et al (1993) used Northern analysis to show that the induction o f an 
antifungal protease from Trichoderma harianum  is due to an increase in the 
corresponding mRNA level. Honelage el al (1995) developed methods to detect the 
mRNA encoding an extracellular protease o f Bacillus megaterium  in soil. They 
demonstrated the applicability o f mRNA probing techniques to localise microbial 
processes in soil. Lambais and Mehdy (1993) using mRNA techniques found 
suppressed plant defence response (|3-glucosidase, endochitinase and chalcone 
isomerase production) during VA mycorrhiza development. They also found evidence 
that these responses were linked to phosphate deficiency. The work o f Lambais and 
Mehdy was vindicated by Franklin and Gnadinger (1994) who also found changes in 
mRNA synthesis in arbuscular endomycorrhiza infected parsley roots. This work was 
followed by McGarl el al (1995) who demonstrated increased mRNA levels encoding 
protease inhibitors in alfalfa in response to wounding and also to micro-organisms 
present in soil.
Quantification o f mRNA by reverse transcription PCR in soil extracts has been 
used to study Manganese peroxidase gene expression in sterilised, polycyclic aromatic 
hydrocarbon contaminated soil (Bogan et al, 1996). Transcripts o f mRNA and
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extracted enzyme levels were temporarily correlated, but separated by a short (1-2 
day) lag period. However 3 different primers were required for 3 different manganese 
peroxidase gene transcripts. This highlights the specificity o f the mRNA methodology 
and may allow targeting o f specific organisms or groups o f organisms, which may be 
important in the study o f GMMs. The specificity o f this method may raise problems in 
the study o f ecosystem functional processes as a whole as a number o f mRNA primers 
may be needed for a group o f enzymes serving the same function. This is especially 
important with genetic variation in the same enzyme between different organisms. 
Quantification o f mRNA is often much more difficult to measure than their products, 
for example, soil enzyme activities especially if a whole suite o f  enzymes is measured 
as a large range o f expensive primers may be required. Another disadvantage to soil 
enzyme measurements is that mRNA measurements is separated from the actual 
activity o f the product. As with enzyme activities mRNA is only a measure o f the 
potential functional activity in soil and is detached further step from the actual 
activity.
iii. Soil nutrient cycles.
Nutrient cycles are the result o f the functional activities o f the microbiota 
and plant roots and thus studies o f such cycles are ultimately indicators o f 
cumulative function. Nutrient cycles are of great importance to agriculture as 
perturbations in nutrient cycling could influence crop production. The advantage of 
nutrient cycle measurements is that they can be conducted in situ  as opposed to the
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potential activities o f the enzyme measurements. Nutrient cycle measurements 
have the disadvantage that they are much more difficult to measure than enzyme 
activities.
One method to study a key nutrient cycle is to model the flow  o f an element 
through its respective cycles and look for differences between treatments. The 
identification o f relative bottle necks or relative flow rates in such systems would 
be o f prime importance as these would be the keystone features o f the cycle. 
Janzen et al (1995) looked at the effect of compost extract on the communities 
involved in element cycling (including sulphate reduction, P mobilisation and
(Me!
denitrification)^found a number o f perturbations to these processes. The best 
method to study nutrient cycling systems in this context is by the addition of 
labelled substrates by spiking, dilution or enrichment techniques, for instance 
Barraclough and Puri (1995) used 15N dilution and enrichment techniques to 
separate heterotrophic and autotrophic pathways o f nitrification. Similar 
techniques could be applicable to the study o f nutrient assimilation by different 
components o f the biomass or a crop plant. Tate and Mills (1983) used 14C 0 2 
evolution from glucose and succinate in the presence o f protein synthesis inhibitors 
to evaluate the diversity and function o f bacteria in a pahokee muck soil.
Another method o f utilising nutrient cycle models is to incorporate variations 
into the models. For instance Goncalves and Carjyle (1994) modelled the influence 
o f moisture and temperature on net nitrogen mineralisation in a forested sandy soil, 
other variations caused by soil treatments could easily be incorporated into such
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models as an indicator o f the functional influence o f perturbing treatments. 
Schipper et al (1994) studied the relative competition between different pathways 
o f degradation or assimilation of a single substrate, in this case nitrate and its 
dissimilatory reduction to ammonium or the second, the denitrification pathway. 
Differences in the relative prevalence o f the two pathways with a soil treatment 
could indicate a shift in a key functional microbial community, which in this case 
may influence nitrogen sources available to the plant.
A key issue in nutrient cycling is its interaction with the soil microbial 
biomass. Nutrients pass through the microbial biomass, for instance the soil 
internal nitrogen cycle largely comprises two independent processes, 
mineralisation and immobilisation which are both under microbial control, but are 
temporally and physically separate. For example Drury (1991) looked at the 
availability of ammonium to the microbial biomass and at the internal nitrogen 
cycle, showing the separation o f the two processes. The two processes are 
separated by the inorganic nitrogen pool and thus availability o f different nitrogen 
sources depends upon the rate o f the two processes mediated by the microbial 
biomass, shifts in the nitrogen cycling microbial communities may show as 
differences in the abundance o f nitrogen in different forms. The availability o f the 
nitrogen depends upon the needs o f the microbial community, if  sufficient nitrogen 
is available to the biomass then more nitrogen may become available in the 
inorganic pool primarily as nitrate (Jansson 1958).
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Carbon and nitrogen ratios in the biomass are extremely important in the 
cycling o f nutrients. Models o f carbon and nitr ogen mineralisation in relation to 
the biomass o f the respective element can be a useful tool in assessing ecosystem  
function. For example Hassink (1994a) used a food web model to assess the effects 
o f soil texture on the size o f the microbial biomass and on the amount o f carbon 
and nitrogen mineralised per unit microbial biomass, finding that coarse textured 
soil had a smaller biomass but a higher mineralisation rate per unit biomass. 
Hassink (1994b) also looked at the effect o f grassland management on soil organic 
C and N  and rates o f C and N mineralisation. The rates were much higher in old 
grassland (10 years) than young grassland (1-3 years). Shifts in components o f  
such well modelled systems would be a good indicator o f the functional impact of 
treatment.
A perturbation to a nutrient cycle may manifest itself as an effect on the crop 
plant which will be extremely important in the human perspective but this is a 
cumulative effect and is not always evident. Tied in with this are the indigenous 
soil enzymes, which have the added advantage as a perturbation measure o f each 
enzyme being a small part o f the whole picture which may not be seen at the end 
o f a whole nutr ient cycle.
iv. Soil enzyme measurements.
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These are extremely important in a functional sense in the soil environment. 
Soil enzymes are key to the cycling o f nutrients in soil and are thus critical to the 
availability o f nutrients to both microbiota and plants. Enzymes are secreted as a 
response to exogenous conditions, such as phosphatase secretion in response to 
phosphate deficiency or plant chitinase in response to fungal/insect attack, and are 
thus a good indicator o f change or perturbation. They are thus an indicator o f the 
functional status o f the biota not just the chemical environment as measured by 
nutrient cycle measurements. They are especially effective as enzymes are 
adsorbed to or entrapped in the soil and thus can provide an indication to the 
history o f the sample and not just a snap shot from the time o f sampling. Many soil 
enzymes are secreted into the soil environment by soil microbes and by plant roots 
to make available the nutrients others are released into the soil with the lysis of 
microbial and plant cells. These extracellular enzymes are often immobilised in the 
soil environment and thus protected from degradation. There are several 
mechanisms by which soil enzymes can become immobilised in the soil, these 
include adsorption to soil particles (especially clay particles) and organic matter, 
immobilisation into the organic matter or microbial polymer (entrapment) 01* 
between soil particles (Weetall 1975). Once immobilised the enzymes may still be 
active in the soil, but at variably reduced rates caused by factors such as steric 
hindrance, diffusional resistance, blocking o f active sites, electrostatic effects 01* 
reversible denaturation (Haska, 1981).
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If soil enzymes can be assessed and shown to vary with different soil 
treatments, then such measurements could be a useful indicator o f perturbation and 
o f changes^functional diversity. Land management practices have been shown to 
have a significant influence on soil enzyme parameters, for example Farrel et al
(1994) showed that cultivation can have a large effect on the soil aiyl sulphatase 
activity. Long tenn grassland soil cultivation (69 years) caused a 66%  reduction in 
aiyl sulphatase activity, whilst cultivation o f a forest soil for 40 years resulted in a 
88% decrease in activity. Large differences in sulphatase activity were found 
between a cultivated forest soil (63% decrease in activity) and a similar forest soil 
that had been left fallow for five years (30% decrease in activity).
In the same study Fanell el al (1994) looked at changes in the kinetic 
properties o f the soil sulphatases. After cultivation they found a reduction in the 
Vlliax (74% in the grassland soil and 90% in the forest soil) and the Michaelis 
constant (Km), which decreased with the duration (years) o f cultivation. Variations 
in Km values obtained from the forest and grassland soils indicate that the origin of 
the enzymes were different in the two soils. Such kinetic studies can therefore be a 
good indicator of differences in soil enzymes with soil type and o f soil 
management methods, and may be sensitive enough to be applied to assessing the 
perturbations caused by less drastic soil treatments. The measurement o f the soil 
sulphatase was extremely sensitive to the soil treatment (soil management system) 
showing extremely large differences, this makes it a prime candidate as an
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indicator o f small scale perturbation than the kinetic parameters, with simpler 
methodology required.
A second example o f a study on the effect o f land management practices on 
soil enzyme activities is the work o f Jordan el al (1995). They evaluated microbial 
methods (including soil acid and alkaline phosphatase activities) as indicators of 
soil quality in long tenn cropping practices in historical fields. Differences in 
phosphatase activities among soils could be related to land management practices 
and soil properties (especially organic matter), for example acid phosphatase 
activity was 150% higher in soil under continuous corn with no till receiving full 
fertility treatment than under conventional tillage with no fertility treatment. 
Alkaline phosphatase activity was 50% higher in soil under continuous com with 
full fertility than without the fertility treatment. This study again shows that soil 
enzyme activities can be extremely sensitive to the large perturbations caused by 
soil management practices and thus have great potential as a general indicator o f  
smaller scale perturbation.
In another study involving the study o f crop and land management systems 
on soil enzyme activities, Bopaiah and Shetty (1991) found decreases in urease and 
an unspecified phosphatase (but not dehydrogenase) with increasing depth in 
rhizosphere soil from a coconut based multi-storied cropping system. Differences 
were also found in urease and phosphatase with the different crops grown, cocoa 
and pineapple producing contrasting results to the coconut rhizosphere (higher
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phosphatase activity in the coconut rhizosphere and higher urease activity with 
multi-storied systems over a coconut monocrop). Depth and crop system had a 
large influence on the soil enzyme activities.
The effect o f pesticides on the activity o f various soil enzymes has been 
investigated by a number o f authors (Endo et a1 1982, Mishra et al 1987). A prime 
example o f this is the work o f Satpathy and Behera (1993) in an examination o f the 
effect o f malathbn on cellulase, protease, urease and phosphatase activities in a 
tropical grassland soil. They found that cellulase and protease levels o f activity 
recovered to almost the same level as the control 21 days after malathon 
application, whereas urease and, to a larger extent, phosphatase activities did not 
show such a recovery in the same time period. The work o f Satpathy and Behera 
can be regarded as a successful use o f soil enzymes as an indicator o f perturbation, 
which in this case was caused by the addition o f a pesticide.
A similar situation to the addition of pesticides to soil is the input o f  
pollutants, which can also have major effects on the whole soil ecosystem. 
Ohtonen et al (1994) found that cellulase activity decreased with increasing 
pollution along an industrial pollution gradient o f sulphur, nitrogen and heavy 
metals. They also found that they could correlate the trend in cellulase activity 
with a decrease in respiration along the same pollution gradient. On comparison 
they found that cellulase activity was in fact a better indicator o f pollution than the 
respiration measurements, correlating well with the gradient o f pollution.
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A proposed target for genetic manipulation is the insertion or enhancement 
o f genes encoding specific enzymes, prime candidates for this are the chitinase 
enzyme production because o f its speculated role in the biocontrol o f fungal crop 
pathogens. Ridout et at (1986) looked at the protein production induced in a 
Trichoderma species when cell wall fragments o f the crop plant pathogen 
Rhizoclonia solani (to which the Trichoderma species was an antagonist) was used 
as the sole carbon source. Both p-glucanase and chitinase, from the chitin 
degradation chain, were found to be important components o f the inducible 
extracellular proteins analysed by electrophoretic profiles. The system of  
degradation was extremely complex with several other inducible proteins found 
that were probably important components in the system and thus in the biocontrol 
of the pathogen.
The situation where genes encoding enzymes (especially extracellular) are 
the target o f manipulation give an added emphasis to the use o f soil enzyme 
activities as a measure o f perturbations caused by the introduction o f such 
organisms into the soil and rhizosphere. In an attempt to understand the effect of 
manipulated enzyme production on a soil micro-organism, Williamson and Hartel 
(1991) studied the rhizosphere growth of Pseudomonas solanacearum  which was 
genetically altered in extracellular enzyme production (endopolygalactouronase A 
and endoglucanase). They found that the strains that had been enhanced in tenns of 
enzyme production had a greatly reduced fitness in the rhizosphere. The authors
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did not use the opportunity to study the effect on soil extracellular enzyme activity 
with the inoculation o f str ains with such functional modifications.
There is little data regarding the use o f soil enzymes as a measure o f  
perturbations caused by the introduction o f extraneous micro-organisms into the 
soil or rhizosphere ecosystems, and the infonnation that is available is 
contradictory. Doyle and Stotzky (1993) looked at methods, including 
arylsulphatase, dehydrogenase, acid and alkaline phosphatase, for the detection of 
changes in the microbial ecology o f the soil caused by the introduction o f micro­
organisms. They found no consistent significant differences in any o f  the enzyme 
activities caused by the inoculation o f E. coli strains. It must be noted however that 
this experiment did not reflect ecologically relevant conditions, as the strains used 
were not natural soil organisms and the experiment was conducted in bulk soil 
rather than in crop rhizospheres where commercial inoculants are often targeted 
and where nutrient sources allowing enhanced activity and proliferation are 
available this is perhaps not surprising as the work was not conducted under 
relevant conditions for the release o f GMMs into soil. The metabolic activity o f the 
E  coli strain was likely to be low since no substrate, be it rhizodeposition or soil 
amendments, were present that could be used as a substrate source. Furthermore E. 
coli is not a soil organism, and is unlikely to establish a viable population after 
introduction into soil. In contrast to the work o f Doyle and Stotzky, Mawdsley and 
Bums (1994) introduced a Flavobacterium  species into the rhizosphere o f wheat. 
They found that the microbial inoculant caused increased a-galactosidase, (3-
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galactosidase, a-glucosidase and p-glucosidase activities in the more ecologically 
and agriculturally relevant conditions o f the wheat rhizosphere.
Naseby and Lynch (1996) used a number of simple enzyme assays for the detection 
o f perturbations resulting from different soil treatments, including the introduction o f a 
modified Pseudomonas fluorescens  SBW25 strain and substrate amendments. The aim 
o f the experiment was to deduce whether these assays were sensitive enough to 
measure perturbations caused by microbial inoculation, and to uncover the extent of 
any perturbation. Specific attention was paid to the validation o f soil biochemical 
techniques as a method o f monitoring the effects o f inoculation. Differences in 
rhizosphere soil biomass (measured by ATP content) and several key soil enzyme 
activities with microbial inoculation and/or in exaggerated conditions (addition o f the 
enzyme substrates, chitin, urea and glycerophosphate, to soil) were measured.
The substrate addition caused an increase in the soil chitobiosidase, N-acetyl 
glucosaminidase aiyl sulphatase and urease activities but did not affect acid and 
alkaline phosphatase and phosphodiesterase activity. Seed inoculated with P. 
fluorescens  caused significant increases in rhizosphere chitobiosidase and urease 
activities and a significant decrease in alkaline phosphatase activity. Inoculation with 
the bacteria in the presence o f substrate gave opposing effects to those treatments 
without substrate addition. Using these enzyme assays perturbations o f less than 20% 
could be detected.
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1.5. C on clu sion s
Throughout this review the significance o f the measurement o f the functional 
perturbations caused by GMMs has been highlighted. It is important to realise the 
potential applications and limitations o f different methods o f measuring the impact of 
GMMs, and that no single method will prove to be the best. Methodology must be 
assessed for each particular case, and the mostly likely out-come will be the selection 
of a number o f inter-related methods (e.g. gene probing and soil enzyme 
measurements). Figure 1.2 illustrates the line o f succession that the impact of  
introducing a genetically modified micro-organism may take, with the first functional 
product o f the DNA that can be monitored being messenger RNA, which then proves 
to produce the gene products (enzymes and metabolites). The ultimate assay o f the 
effect o f the gene products is the plant bioassay, especially in the human perspective, 
which includes productivity, health and ion uptake (nutrient concentrations or ratios).
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Figure 1.2: levels o f perturbation measurement
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2.1. SUM M ARY
Assays for determining chitobiosidase, N-acetyl glucosaminidase, acid phosphatase, 
alkaline phosphatase, phosphodiesterase, aiyl sulfatase and urease activities from 
small samples o f soil were developed. The enzyme assays and ATP biomass 
assessments were used to monitor perturbations caused by the presence o f  
Pseudomonas fluorescens  in the rhizosphere o f wheat. Microbial biomass as well as 
the measured enzyme activities decreased with depth, except for acid phosphatase 
activity which was similar at all depths. A  combined substrate addition o f urea, 
colloidal chitin and glycerophosphate significantly increased N-acetyl 
glucosaminidase, chitobiosidase, aryl sulfatase and urease activities but did not cause 
a significant difference in acid and alkaline phosphatase and phosphodiesterase 
activities. Seed inoculated with P. fluorescens  caused significant increases in
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rhizosphere chitobiosidase and urease activities and a significant decrease in alkaline 
phosphatase activity. Inoculation with the bacteria in the presence o f substrate gave 
opposing effects to those treatments without substrate addition. Chitobiosidase, aiyl 
sulfatase, and urease activities were significantly lower and alkaline phosphatase was 
significantly higher than in the treatments where bacteria was not inoculated onto the 
seeds. Biomass levels for the combined bacteria and substrate treatment were 
significantly higher than the substrate alone treatment.
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2.2. INTRODUCTION
Genetically modified microorganisms (GMMs) might be deployed for use in 
biocontrol and in plant growth stimulation but before they can safely be released, a 
better understanding o f the effect that such releases w ill have on the soil and 
especially rhizosphere ecosystems must be assessed (Smit et al 1992).
Previously, most attempts to monitor the effects o f microbial introductions to the 
rhizosphere have centred on microbial enumeration o f  specific populations, often 
aided by molecular techniques (for example Tsushima et al 1995). These methods rely 
on large changes, as microbial numbers measured on a log scale require differences o f  
between 100 and 300% (0.3 and 0.5 on a log scale) to be significant, and do not 
provide a wide picture o f the overall effect o f the introduced microbe on the whole 
ecosystem. De Leij et al (1993b) used colony development for the quantitative 
assessment o f r and K strategists from different habitats, but these methods also rely 
on culturable micro-organisms. Molecular detection methods do no more than monitor 
or detect specific micro-organisms and do not give any indication o f the actual effect 
o f the inoculum on the ecosystem (Pickup, 1991, Van Elsas and Waalwijk 1991, 
Tsushima et al 1995 and for a review see Morgan 1991). Marker genes can be 
deployed, for example to track potential luminescence (Meikle et al, 1994). However 
these only provide information about the activity and ecology o f a specific micro­
organism in soil, and also they do not indicate i f  a gene is actually expressed in soil.
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Previous work using the genetically modified Pseudomonas fluorescens  SBW25 
strain carrying the lacZY and xylE functions has concentrated on the ecology o f the 
released organism (De Leij et al, 1994a and 1995), and has relied upon culturable 
methods to assess impacts on specific microbial groups (De Leij et al, 1994b). This 
however does not give an overall view o f the impact o f  the GMM upon the 
functioning o f the ecosystem as a whole.
The measurement o f perturbations with soil biochemical parameters, such as 
enzyme activities, may be an alternative way o f monitoring overall effects o f the 
introduced GMM on the ecosystem, in a more sensitive and comprehensive way. Soil 
phosphatase activity has been shown to be an important indicator o f the impact o f soil 
management systems and o f the organic matter content o f the soil (Jordan et al, 1995). 
Doyle and Stotzky (1993) found no difference in enzyme activities (aiyl sulfatase, 
phosphatases and dehydrogenase) when an E  coli strain was introduced into soil, this 
is perhaps not surprising as the work was not conducted under relevant conditions for 
the release o f GMMs into soil. The metabolic activity o f the E  coli strain was likely to 
be low since no substrate, be it rhizodeposition or soil amendments, were present that 
could be used as a substrate source. Furthermore E. coli is not a soil organism, and is 
unlikely to establish a viable population after introduction into soil. In contrast to that 
work, Mawdsley and Bums (1994) successfully used soil enzyme measurements to 
detect perturbations caused by a Flavobacterium  inoculation onto wheat seedlings, 
finding increased activity o f a  -galactosidase, p-galactosidase, ct-gfucosidase and p- 
glucosidase.
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In this paper, a number o f simple enzyme assays were used for the detection of 
perturbations resulting from different soil treatments, including the intr oduction o f a 
modified Pseudomonas fluorescens  SBW25 strain and substrate amendments. The aim 
o f this experiment was to deduce whether these assays are sensitive enough to 
measure perturbations caused by microbial inoculation, and to uncover the extent o f  
any perturbation. Specific attention was paid to the validation o f soil biochemical 
techniques as a method o f monitoring the effects o f inoculation. Differences in 
rhizosphere soil biomass (measured by ATP content) and several key soil enzyme 
activities with microbial inoculation and/or in exaggerated conditions (addition o f the 
enzyme substrates, chitin, urea and glycerophosphate, to soil) were measured.
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2.3. M ATERIALS AND M ETHODS
Soil description
The soil used was a silty loam of the Hamble series, taken from an agricultural site 
at Littlehampton (West Sussex, UK). It has been cultivated with wheat for the past 4 
years. The pH o f the soil was 6, its carbon content was 1.4% by weight, and its 
particle ratio was 15:68:17 for clay: silt: sand respectively.
Experimental systems used
Intact soil cores held in PVC tubes (60 cm length x 15 cm diameter), were extracted 
from the ground. The cores were stored vertically in a trench in the field from which 
they were taken, until required. Subsequently the cores were left to settle in the 
glasshouse for 14 days prior to the start o f the experiment. For experimental purposes, 
soil cores were placed in shallow trays filled with wet capillary matting. Each tray was 
supplied with deionised water via separate pumps which regularly added water from 
separate tanks, excess water freely drained back to the supply tanks. The capillary matting 
around the cores set on the frays was covered in polythene sheeting to reduce evaporation. 
Additional water was added from the top o f die cores (150 ml per core eveiy 48 horn s) to 
ensure the top soil did not dry out, and to disseminate bacteria and amendments through 
the soil profile. The soil surface o f each core was covered with plastic balls (1.5 cm 
diameter) to reduce evaporation. The lighting regime in die glasshouse was set at a
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photoperiod o f 16 hours. The cores were protected from light from the sun by a coat of  
Aluminium foil. Temperatures in the glasshouse were allowed to range freely with the 
ambient temperatures; the maximum recorded daytime temperature was 32°C and the 
minimum night time temperature was 8°C.
Experimental design
Three replicates (1 per tray, spaced in a randomised block design) o f each o f six 
treatments were conducted.
Treatment 1 was unamended soil cores, to be considered unamended non 
rhizosphere soil.
Treatment 2 consisted o f soil cores amended with substrates, consisting o f a 
solution containing 2% w/v colloidal chitin (prepared by the method o f Shimatiara 
and Taiguchi (1988)), 2% w/v urea and 2 %  w/v glycerophosphate. 100 ml was added 
eveiy 10 days instead o f the water addition in the normal watering regime.
Treatment 3 consisted o f soil cores sown with wheat seed (var. Axona), 6 seeds 
were sown per core. The emerged seedlings were randomly reduced to 3 after 7 days 
growth.
Treatment 4 consisted o f seed and substrate addition.
Treatment 5 consisted o f seeds which were inoculated with Pseudomonas 
fluorescens  SBW 25 EZY 6KX., which has the marker genes lacZY, kanr and xylE 
(De Leij et al 1993a) and supplied by Dr M J Bailey, NERC Institute o f Virology and 
Environmental Microbiology, Oxford, and originally classified as Pseudomonas
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aureofaciens. The bacterium was grown to late exponential phase in tryptone soya 
broth before being introduced to the wheat seed in a 0.75% gum guar solution
resulting in a concentration o f 10g cfu per seed.
Treatment 6 consisted o f seeds treated as in treatment 5, with substrate additions to 
the cores as in treatment 2.
Sampling
Cores were harvested after 60 days, cut open lengthways and for experimental 
purposes, divided into three arbitrary depth levels, 5-20, 20-35 and 35-50 cm (large 
depth intervals were required to provide sufficient rhizosphere soil for analysis). The 
soil was excavated to reveal the roots and approximately 5g of rhizosphere soil, 
(defined as soil no more than 2 mm from the root) was scraped directly from the root 
surface, (using wire with a diameter o f 2 mm) within the designated depth intervals. 
Non rhizosphere soil was scraped from within the analogous cores from similar 
depths. The soil samples were either immediately assayed or stored for up to 48 hours 
at 4°C prior to being assayed.
Enzyme extraction
Extraction for acidic pH active extracellular enzymes was carried out by a method 
modified from Wirth and W olf (1992). The buffer consisted o f 0.5 M sodium acetate 
set at pH 5.5 using acetic acid, with 1 m g /n l o f sodium azide added to prevent
CHAPTER 2: INOCULATION EFFECTS ON SOIL ENZYMES
microbial growth. Extraction for alkaline pH active enzymes was carried out using 0.2 
M sodium orthophosphate buffer (containing 1 mg sodium azide ml) set at pH 8 using 
sodium hydroxide. Five ml o f  buffer per gram o f soil was used for the extraction. The 
soil suspensions were mixed for 1 horn* on a carousel rotor before being centrifuged at 
4000 ipm for 15 minutes. The supernatant (enzyme extract) was decanted off into 
clean test tubes and kept at 4°C until required on the same day.
Enzyme assays
N-acetyl glucosaminidase (NAGase) and chitobiosidase activities were measured 
by methods modified from Trosmo and Hannan (1993). To 1 ml o f the pH 5.5 enzyme 
extract in disposable 11 ml centrifuge tubes, 1 ml o f lOOpg ml p-nitrophenyl p-D- 
N ,N ’-diacetylchitobiose (pNDC, chitobiosidase substrate) or 1 ml o f 200pg ml p- 
nitrophenyl N-acetyl-P-D-glucosaminide (pNAG, NAGase substrate) in the acetate 
buffer was added. Subsequently the mixtures were incubated in a water bath at 37°C 
for 24 hours.
Acid phosphatase activity was assayed by a similar method to the NAGase and 
chitobiosidase methods, using 0.025 M p-nitrophenyl phosphate as the substrate in the 
same buffer. Incubation took place in a shaking water bath set at 200 strokes/minute 
for 1 hour.
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Alkaline phosphatase activity was assayed using the pH 8 enzyme extract and 0.025 
M p-nitrophenyl phosphate in the phosphate buffer (pH 8). The incubation time was 2 
hours in a shaking water bath set at 200 strokes/min.
A iyl sulfatase and phosphodiesterase activities were measured by a method similar 
to the alkaline phosphatase assay, using 0.025 M p-nitrophenyl sulphate as the 
substrate for the sulphatase assay and 0.005 M bis(p-nitrophenyl) phosphate for 
phosphodiesterase with an incubation time o f 24 hours in a water bath.
All substrates were supplied by Sigma-Aldrich chemical company Ltd.
Activity in all the above assays was terminated by the addition o f 1 ml o f cold 0.4
M NaHCCL, which also serves to enhance the yellow colour o f the p-nitrophenol 
released by the action the enzymes, and centrifuged for 15 minutes at 4000 lpm. The 
amount o f p-nitrophenol released was measured at 400 nm in a spectrophotometer 
against appropriate reaction blanks.
Urease activity was measured by a modification o f the method o f Gianfreda et al 
(1993) using sodium orthophosphate buffer (pH 8) and the enzyme extract described 
earlier. The phenol-hypochlorite method o f Weatherbum (1967) was used for the 
potassium chloride (2 M) terminated assay, to measure NH4+ production.
ATP biomass was measured by a modification o f the method o f Webster et al 
(1984) using ATP solutions as standards, and the biomass conversion factor o f Tate 
and Jenkinson (1982).
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Statistical analysis
A multivariate analysis o f variance (two way anova) was used to compare substrate 
addition vs. none against depth and microbial inoculation vs. non inoculation against 
depth both in the presence and absence o f substrate. Students T-tests were also used to 
analyse the data from the 5-20 cm depth, where higher activities and differences were 
expected.
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2.4. R E S U L T S
Urease activity decreased (p < 0.01) with depth (Fig 2.1). This effect was most 
pronounced in the substrate amended treatments. In general, addition o f substrate 
caused an increase in urease activity (p < 0.01), the largest being an increase by a 
multiple o f six in the seed plus substrate treatment over the seed treatment. Microbial 
inoculation (without substrate addition) caused an increase (p < 0.05) in activity o f  
approximately 20% at 5-20 cm depth. Microbial inoculation in the presence o f  
substrate resulted in half the urease activity o f the analogous treatment without the 
microbial inoculation, (p < 0 .01 ).
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Figure 2.1. Urease activity in a silty loam soil as influenced by depth and six treatments: Se, 
presence o f  seedling; Mi, microbial inoculation; Su, substrate addition, None, none o f  the 
former added. Significant effects, depth, p < 0.01; substrate addition, p < 0.01, Seedling & 
Substrate addition versus Seed, Microbial inoculation & Substrate addition, p < 0.01; 5-25 cm 
depth Seedling versus Seedling & Microbial inoculation, p < 0.05.
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N-acetylglucosaminidase activity decreased significantly (p < 0.01) with depth 
throughout the treatments and increased (p < 0.05) when substrate was added to the 
soil (Figure 2.2), however an interaction between depth and substrate addition was not 
found.
Se Se+Mi None Se+Su Se+M i+Su Su
TREATMENT
Figure 2.2. N acetyl glucosaminidase activity in a silty loam soil as influenced by depth and six 
treatments: Se, presence of seedling; Mi, microbial inoculation; Su, substrate addition, None, 
none of the former added. Significant effects, depth, p < 0.01; substrate addition, p < 0.05.
Chitobiosidase activity significantly (p < 0.01) decreased with depth (Figure 2.3). 
This effect was especially evident when substrate was added, resulting in a
sharp increase in all activities, (most prominently 5-20 cm depth) which produced a 
more pronounced depth effect (interaction between depth and substrate, p < 0.01), 
which is contrary to the NAGase activity. The most striking difference was found 
between the unamended seed treatment and the seed + substrate treatment, which 
showed a five fold increase with substrate addition. The overall effect caused by the
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substrate addition was highly significant (p < 0.01). Microbial inoculation (without 
substrate addition) increased (p < 0.01) the chitobiosidase activity at 5-20 cm depth 
compared to the seed alone treatment. Inoculation in the presence o f substr ate resulted 
in a lower (p < 0.05) activity than the substrate treatment without the inoculum.
Depth (cm)
■  5-20
■  20-35
■  35-50
Se+Mi None Se+Su
TREATMENT
Se+Mi+Su
Figure 2.3. Chitobiosidase activity in a silty loam soil as influenced by depth and six 
treatments: Se, presence of seedling, Mi, microbial inoculation, Su, substrate addition; None, 
none of the former added. Significant effects, depth, p < 0.01; substrate addition, p < 0.01; 
interaction between depth and substrate addition, p < 0.01; Seedling & Substrate addition 
versus Seed, Microbial inoculation & Substrate addition, p < 0.05; 5-25 cm depth Seedling 
versus Seedling & Microbial inoculation, p < 0.01.
Aryl sulfatase activity decreased in general (p < 0.01) with depth (Figure 2.4) 
although the seed and the none (control) treatments did not have any significant 
differences between the 5-20 cm and 20-35 cm depth intervals. Substrate amendment 
caused an overall increase in activity (p < 0.05). Activity was higher (p < 0.05) in the
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seed + substrate treatment than the seed + microbial inoculation + substrate 
treatments, at the 5-20 cm depth interval and an interaction was found between the 
depth effect and substrate addition effects (p < 0.05).
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Figure 2.4 Aryl sulfatase activity in a silty loam soil as influenced by depth and six treatments: 
Se, presence of seedling; Mi, microbial inoculation; Su, substrate addition, None, none of the 
former added. Significant effects, depth, p < 0.01, substrate addition, p < 0.05, interaction 
between depth and substrate addition, p < 0.05; Seedling & Substrate addition versus Seed, 
Microbial inoculation & Substrate addition, p < 0.05.
Acid phosphatase activity was not significantly affected by depth or any o f the 
treatments (data not shown).
Phosphodiesterase activity significantly decreased (p < 0.01) with depth in all 
treatments (Figure 2.5). The phosphodiesterase data was variable (as seen by the large 
error bars) and thus no other significant effects could be distinguished.
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Figure 2.5. Phosphodiesterase activity in a silty loam soil as influenced by depth and six 
treatments: Se, presence of seedling, Mi, microbial inoculation, Su, substrate addition, None, 
none of the former added. Significant effects, depth, p < 0.01.
Alkaline phosphatase activity decreased (p < 0.01) with depth (Figure 2.6). In the 
rhizosphere soil alkaline phosphatase activity was higher (p < 0 .0 1 ) without the added 
microbial inoculum than with the inoculum at 5-20 cm depth. However when substrate 
was added, alkaline phosphatase activity was enhanced (p < 0.01) in the presence o f  
the inoculum.
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Figure 2.6. Alkaline phosphatase activity in a silty loam soil as influenced by depth and six 
treatments: Se, presence of seedling; Mi, microbial inoculation; Su, substrate addition; None, 
none of the former added. Significant effects, depth, p < 0.01; 5-25 cm depth Seedling & 
Substrate addition versus Seed, Microbial inoculation & Substrate addition, p < 0.01; 5-25 cm 
depth Seedling versus Seedling & Microbial inoculation, p < 0.01.
Biomass decreased with increasing depth (p < 0.01) (Figure 2.7). Substrate addition 
caused a reduction in the amount o f ATP (p < 0.05) measured. Microbial inoculation 
in the presence o f substrates resulted in a higher ATP content than the seed + substrate 
treatment (p < 0.01).
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Figure 2.7. Total biomass carbon in a silty loam soil as influenced by depth and six treatments: Se, 
presence of seedling; Mi, microbial inoculation, Su, substrate addition; None, none of the former 
added. Significant effects, depth, p=0.01, substrate addition, p < 0.05; Seedling & Substrate addition 
versus Seed, Microbial inoculation & Substrate addition, p < 0.01.
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2 .5 . D IS C U S S IO N
The enzyme assays described in this paper allowed a range o f  enzymes and a large 
number o f samples to be assayed over a relatively short period o f  time (two days) from 
small quantities o f soil, in a less labour intensive manner than the existing 
methodology. Other methods require much larger amounts o f soil and are more labour 
intensive, for example the methods o f Tabatabai (1982) often require relatively large 
amounts o f soil, and rely on toluene additions for the prevention o f microbial growth. 
The modifications o f our method made it possible to measure the activity o f 7 or more 
soil enzymes in the same amount o f time required for 3 enzymes by the traditional 
methods. The requirement for only small quantities o f soil is important where samples 
produced are small, as is often the case when working with rhizosphere soil. Two 
grams o f soil is sufficient for up to ten enzymes to be assayed (enzymes higher in 
activity can be assayed with less enzyme extr act). The methods described require only 
one set o f soil samples to be weighed for several enzymes, and the use o f  
centrifugation instead o f filtr ation requires much less effort. It would be possible to 
determine the activity o f  almost any soil enzyme, for which a p-nitrophenyl substr ate 
analogue is available using the methods described here. Incubation times o f enzyme 
assays can be increased for less active soils, including most sandy soils.
It must be noted, however, that the methodology described was designed purely for 
comparative assays, where samples and treatments taken from one soil type can be 
directly compared. In general soil enzyme activity measurements are only a measure
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o f the potential activity o f a given enzyme in soil and not the in situ activity in the 
natural soil system, where activity is impaired by absorption and immobilisation o f  
enzymes by soil particles and organic matter, which differ between soils. The assays 
are not intended as a method for determining the actual or the maximum enzyme 
activities o f the soil samples, as many o f the enzyme assays are displaced from their 
optimal pH for activity.
Soil enzymes w ill not necessarily be at their optimal pH in situ given the variation 
in micro-environments that exist in soil. Also the natural soil system is not saturated 
with enzyme substrate as it is in assay incubations. It is not necessaiy to create optimal 
activity conditions for assays in comparative studies, as long as a standard 
methodology is used. However, it is possible to make some statistical comparisons of 
enzyme activities between soil types where several treatments have been used. This 
can be done by normalising the data into arbitrary units, for example, ranking the 
enzyme activities o f the different treatments or considering each data point as a 
proportion o f the data point with the highest activity.
The decrease in activities with increasing depth in all but the acid phosphatase 
activity corresponds with the decreasing biomass in the deeper soil layers. The lack o f  
a depth effect on acid phosphatase activity is most likely the result o f this enzyme 
predominantly being secreted by plant roots (and associated mycorrhiza and other 
fungi) (Tarafdar and Marschner, 1994), thus in rhizosphere soil there is unlikely to be 
much difference in the amount o f enzyme secreted by the plant roots. This also
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supports the theoiy that the amount o f soil immobilised enzymes is a measure of 
cumulative activity during the growth o f the plant root or through soil biochemical 
processes as the immobilised enzymes are relatively stable until the soil is disturbed.
It is possible that the addition o f substrates for urease, chitobiosidase and NAGase 
would have caused a direct effect (increase) on the activities o f these enzymes which 
were induced in the presence o f their respective substrates. The influence on aiyl 
sulfatase activity (increase) is more complex as specific substrates were not added for 
this enzyme, therefore the effect must have been indirect. It is possible that soil aiyl 
sulfatase is directly linked to microbial activity. Another possibility is indicated by the 
significant interaction between the depth and substrate effects found in the sulfatase 
activity. A similar effect was found in the chitobiosidase activity. The fact that chitin 
was added as a colloid, unlike the other two substrates which were in solution, meant 
that the chitin was unable to percolate down to the deeper soil layers. This is 
supported by the fact that the upper regions o f microcosms amended with chitin 
showed white discoloration (the same colour as colloidal chitin). The substrate / depth 
interaction in chitobiosidase activity can also be attributed to the presence o f chitin 
predominantly in the upper soil regions, whereas degradation products o f chitin are 
more soluble and could reach deeper areas o f the soil core, thus stimulating NAGase 
activity in deeper soil layers. The chitin substrate may have caused a direct induction 
o f sulfatase production in the microbiota, which may contain trace quantities of  
various sulphates. Alternatively chitin maybe indirectly involved by stimulating the 
activity o f specific micro-organisms that produce relatively large amounts o f sulfatase.
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Substrate addition did not have a significant effect on the three enzymes from the 
phosphorus cycle. It was expected to find an increase in activity with the addition o f a 
large amount o f organic phosphate. However, the readily available soluble form that 
was added may have been broken down into an inorganic form rapidly in the soil 
environment. Increasing available inorganic soluble phosphate is known to have an 
inverse effect on phosphatase production (Tabatabai 1982; Tadano et al, 1993). Data 
from other experiments (unpublished) suggests that glycerophosphate addition alone 
causes an overall decrease in alkaline phosphatase activity. This suggests that the other 
substrates added masked the actual effect o f the phosphate addition by stimulating 
microbial activity and overall enzyme production.
It was expected that an input o f nutrients would increase the size o f the rhizosphere 
community, but substrate addition actually decreased the biomass as measured by 
ATP. A possible reason for this anomaly is that substrate additions caused a change in 
the physiological state or the constituents o f the microbial community, with a higher 
proportion o f microbes with a smaller ATP content in the substrate treatments than in 
the treatments without substrate addition. This explanation is made plausible by the 
observations o f Karl (1980) who compiled data o f the ATP content o f several micro­
organisms and found a range o f 0.5 to 18 ijtnol ATP per mg'1 diy weight organism.
Inoculation with bacteria (without substrate addition) had a significant effect on 
chitobiosidase, urease, and alkaline phosphatase at 5-20 cm depth only (where activity
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is at its highest). Most o f the enzymes show a mean difference between the inoculated 
and the uninoculated treatments, but these differences could not be shown to be 
statistically significant. The lack o f statistical significance may be due to the low  
replication number in the experiment, and thus the sensitivity could be improved with 
a higher number o f replicates. In general it seems that the microbial inoculation 
increases urease, NAGase, chitobiosidase and possibly aiyl sulfatase activities in the 
rhizosphere, this effect may be associated with the increased biomass. There was no 
obvious effect o f treatment on the plant associated acid phosphatase activity and the 
effect on phosphodiesterase activity was variable. There was an apparent reduction in 
alkaline phosphatase activity, which may be attributed to a direct or indirect effect of 
the inoculum, resulting in a displacement o f  the rhizosphere communities that produce 
larger amounts o f this enzyme. At this stage however, there is nothing to indicate that 
the GMM and wild-type bacteria would cause different effects.
Microbial inoculation in the presence o f the substrate additions, showed significant 
differences in chitobiosidase, alkaline phosphatase, aiyl sulfatase, and urease 
activities, as w ell as in biomass. All o f the effects on the enzymes are the opposite to 
those seen with microbial inoculation without the substrate addition, i.e.: aiyl 
sulfatase, chitobiosidase and urease activities are significantly lower with the 
inoculation in the presence o f  substrate additions than without inoculation, whereas 
alkaline phosphatase activity was significantly higher. These results suggest that the 
microbial inoculation had a ‘buffering effect’ on the rhizosphere ecosystem, i.e. there
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was a reduction in the response o f enzyme activities to the change in conditions 
presented by the substrate additions.
A possible mechanism for this reduction in response is that the inoculant inhabited 
niches o f other microbes in the community that would respond in a more dynamic 
fashion to the change in conditions. However, the mechanisms o f these perturbations 
are far from certain in the complex rhizosphere ecosystem. There are several possible 
ways in which the microbial inoculation could orchestrate changes in the microbial 
community. The first possibility is, that the inoculant is competitively excluding 
certain microbial populations. This would be a direct effect o f the large inoculum size, 
giving the introduced microbe a ‘head start’ over the soil’s resident microflora. Other 
possible effects o f the inoculant could be in the strain’s metabolic activity, that might 
have directly affected the indigenous microbial community, or modified root 
secretions.
The data presented in this paper indicates that soil biochemical properties can be a 
useful tool for use as indicators o f perturbations caused by microbial inoculation and 
other soil treatments.
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3.1. SUMMARY
The aim o f the work described was to determine the impact o f both functionally 
and non-functionally modified bacteria on a plant root ecosystem. Two strains o f P. 
fluorescens were utilised, one with a functional modification o f strain Fl 13 with 
repressed production o f the antibiotic 2,4 diacetylphloroglucinol (DAPG), to create 
the DAPG negative strain F l 13 G22, and the other with non-functional 
modifications consisting o f marker genes only, to create strain SBW25 EeZY-6KX. 
Both were assessed, along with the corresponding wild types (Fl 13 and SBW25), 
for their effects upon the indigenous microflora, plant growth and rhizosphere soil 
enzyme activities. Significant perturbations were found in the indigenous bacterial 
population structure, with the Fl 13, (DAPG+) strain causing a shift towards slower 
growing colonies (K strategists) compared with the non-antibiotic producing 
derivative and the SBW25 strains. The Fl 13 treatments also resulted in higher total
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fungal populations. The DAPG+ strain also significantly reduced, in comparison 
with the other inoeula, the total Pseudomonas populations. The survival o f the FI 13 
strains were an order o f magnitude lower than the SBW 25 strains. The DAPG+ 
strain caused a significant decrease in the shoot to root ratio in comparison to the 
control and other inoculants, indicating that the inoculum caused a degree o f stress 
to the plant. This strain also had a significant effect on the activity o f rhizosphere 
soil enzymes, resulting in higher alkaline phosphatase, phosphodiesterase and aryl 
sulphatase activities than the other inoculants, which themselves greatly reduced the 
same enzyme activities compared to the control. In contrast to this, the (3 
glucosidase, p galactosidase and N-acetyl glucosaminidase activities decreased with 
the inoculation o f the DAPG+ strain. These results indicate that the soil enzymes 
are extremely sensitive to perturbations in the rhizosphere ecosystem and are 
sensitive enough to measure the impact o f GMM inoculation. The measurement of 
total microbial populations proved to be a far less sensitive method, with shifts of 
more than 100% required for statistical significance. Targeted population 
measurements (Pseudomonas and total lactose utilising populations) proved to be a 
much more successful measure o f impact. The r and K strategy measurement was a 
more reliable measure o f perturbation than total populations, but this too is a non 
functional measurement and does not give an indication o f the effects upon 
ecosystem function that the soil enzyme measurements do.
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2.2. INTRODUCTION.
The effect o f genetically modified microorganisms (GMMs), released as 
biocontrol agents, on soil nutrient cycling/soil enzyme activities and indigenous 
microbial populations is poorly described in the literature (Naseby and Lynch 
1996a). Thus a more comprehensive knowledge o f the consequences o f such 
releases on soil and rhizosphere ecosystems must be provided before they can be 
utilised safely (Smit el aI 1992).
De Leij el al (1995), in a wheat field trial, found transient perturbations in the 
indigenous microflora with the introduction of wild type and genetically modified 
Pseudomonas fluorescens, but did not find differences between the two respective 
inoculants. Other authors working on indigenous populations and ecosystem  
function in contained experimental systems also found such transient perturbations 
(Seidler 1992, Stotzky et al 1993 and Whipps et al 1996). Perturbations have been 
recorded by several authors with the introduction o f functionally improved GMMs, 
including displacement o f indigenous populations (Bolton el al 1991), suppression 
o f fungal populations (Short et al 1990), reduced protozoa (Austin el al 1990) and 
increased carbon turnover (Wang et al 1991).) It has been suggested that the use o f  
the population dynamics o f micro-organisms with different life strategies, for 
example r (rapid colony formation) and K (slow colony formation) strategies, can 
be utilised in microbial ecology (Andrews and Harris 1986, De Leij et al, 1993 and
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Panikov 1994). However some o f these methods can be hampered by the non 
culturability o f many micro-organisms (Colwell et cd 1985). Molecular genetic 
methods are useful tools for assessing the ecology and population genetics o f  
targeted microbial populations or communities (Mills 1994, Morgan 1991 and Van 
Elsas and Waalwijk, 1991), but these methods do not provide an insight into 
ecosystem function as a whole
The measurement of soil enzyme activities may be a useful method by which to 
gain a greater understanding o f the nature o f perturbations caused to ecosystem  
function. Soil enzyme measurements have been successfully used by Mawdsley and 
Bums (1995), to show changes in rhizosphere soil enzyme activities caused by the 
introduction o f a Flavobacterium  species, and by Naseby and Lynch (1996b) with 
the inoculation o f a Pseudomonas fluorescens strain. However Doyle and Stotzky
(1993) did not find such perturbations in non-rhizosphere soil with the addition o f  
an Escherichia coli strain. Jones el at (1991) did not find an effect with addition of 
a GMM on nitrogen transformations and nitrogen transforming populations. Both 
this work and the work o f Doyle and Stotzky did not include plants in the systems 
and are thus not ecologically relevant to soil-microbe-crop interactions.
The aim o f this experiment was to investigate the effect o f the inoculation o f two 
Pseudomonas fluorescens strains with functional and non-functional modifications, 
on both the indigenous microflora and rhizosphere soil enzymes.
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2.3. M ATERIALS AND M ETHODS.
Soil description
The soil used was a sandy loam o f the Holiday Hills series, taken from Merrist 
Wood Agricultural College (Surrey), had been under permanent pasture for at least 
15 years. The pH o f the soil was 5.36, the particle ratio was 10:9:81 clay: silt: sand 
respectively, and the organic content was 1.6% by weight.
Experimental systems
250g o f coarsely sieved loose soil was placed in an experimental microcosm  
consisting o f a 210mm high acetate cylinder, slotted between the top and base o f  
plastic 90mm diameter Petri dishes creating a semi enclosed system.
Bacterial strains and treatments
Two strains o f Pseudomonas fluorescens were used, each with different 
modifications. Strain SBW25, a wild type strain isolated form the phytosphere o f  
sugar beet, and its genetically modified derivative (strain SBW25EeZY-6KX), 
containing the marker genes lacZY (lactose utilization), kanamycin resistance and 
xylE (catechol degradation)(Bailey et al, 1995). Strain FI 13 produces the antibiotic
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2,4 diacetylphloroglucinol (DAPG), marked with a lacZY gene cassette, and a 
DAPG negative derivative (strain FI 13 G22) was produced by Tn5 mutagenisis 
(Shanahan et al 1992).
The bacteria were grown on full strength tryptone soya agar for 4 days at 30°C 
and the bacteria were subsequently suspended in 10ml o f  sterile quarter strength 
Ringers solution using disposable plastic plate spreaders to scrape off the bacterial 
mat. Control plates (without bacteria) were also flooded with quarter strength 
Ringers and surface scraped with spreaders. The resulting suspensions containing 
6 x l0 9 cfu/ml were subsequently used to imbibe pea seeds (var. Montana), at a ratio 
of one seed per ml, for 8 hours (stirred every 30 minutes) resulting in between 2 
and 4 x 108 cfu per pea seed.
Experimental design
Each treatment was replicated seven times. Each microcosm consisted o f eight 
imbibed seeds, planted at a depth o f approximately 1 cm below the soil surface. 
Thirty ml o f water was added to each microcosm before they were placed in a 
random design into a growth chamber (Vindon Scientific) set at a 16 hour 
photoperiod with a day/night temperature regime o f 21°C/15°C respectively. The 
relative humidity was maintained at 70%.
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Sampling and analysis
After 21 days growth the microcosms were harvested, upon which soil closely 
associated with the plant roots was collected, sieved with a 2mm sieve and stored 
over-night at 4°C. Subsequently each sample was assayed for soil acid and alkaline 
phosphatase, phosphodiesterase, aiyl sulphatase, and N-acetyl glucosaminidase by 
the methods ofN aseby and Lynch (1996b and chapter 2). p glucosidase and acid p 
galactosidase activities were measured by a method similar to the N-acetyl 
glucosaminidase assay described by Naseby and Lynch (1996b and chapter 2) using 
p-nitrophenyl-p-D-glucoside and p-nitrophenyl-P-D-galactoside as substrates for 
the respective enzymes.
Shoot and root fresh weights were measured and a Ig root sample from each 
replicate was macerated in 9 ml o f sterile quarter strength Ringers solution using a 
pestle and mortar. Filamentous fungi and yeast populations were quantified by 
plating a ten fold dilution series of each root macerate onto 10% malt extract agar 
containing lOOppm streptomycin and 50ppm rose bengal. Plates were incubated at 
20°C for 5 days before enumeration. PI media (Katoh and Itoh, 1983) was used for 
the enumeration o f indigenous, fluorescent pseudomonads. To enable quantification 
o f introduced P. fluorescens strains, this media was amended with 50ppm Xgal. PI 
plates were incubated at 25°C and enumerated after 5 days growth. The sum o f the 
indigenous and introduced Pseudomonas populations were calculated and described
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as total Pseudomonas populations, tryptone soya agar (10%) was used for the 
enumeration of total culturable bacteria and for determining the population 
structure in terms o f r (rapid colony formation) and K (slower colony formation) 
strategists (De Leij et al 1993). For this purpose, plates were incubated at 25°C for 
7 days and enumerated on a daily basis.
Statistical analysis
Data was analysed using SPSS for Windows (SPSS inc.) by means o f a one way 
anova and subsequently differences between treatments (multiple comparisons) 
were determined using least significant differences between means.
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3.4. RESULTS
Plant growth
Although neither the shoot or the root weights were significantly affected by the
experimental treatments, the shoot/root ratio was significantly smaller in the F 113
(DAPG±} strain than the control, SBW25 WT and Fl 13 G22 treatments (Table 3.1).
Table 3.1: Mean pea plant shoot and root weights and the ratio between the two, as 
affected by wild type and GMM P. fluorescens inoculation.
Treatment^ Shoot weight # Root weight Shoot/root ratio#?
Control 1.286 ±0.032 1.092 ±0.033 1.182 ±0.03T
SBW25 WT 1.286 ±0.028 1.094 ±0.024 1.179 ±0.03 8a
SBW25 GMM 1.257 ±0.038 1.076 ±0.027 1.172 ±0.04a,b
F l13 G22 1.259 ±0.04 1.076 ±0.048 1.176 ±0.03 8a
Fl 13 1.218 ±0.024 1.133 ±0.021 1.075 ±0.002b
^Treatments; control, no inocula; SBW25 WT, inoculated with P. fluorescens SBW25 
wild type;SBW25 GMM, inoculated with recombinant P. fluorescens SBW25; Fl 13 G22, 
inoculated with lacZY marked DAPG- (Tn5 mutated) P. fluorescens Fl 13 G22; Fl 13, 
inoculated with lacZY marked DAPG+ P. fluorescens Fl 13,
# Standard errors for means (n=7) indicated. Significant differences at p=0.05 level 
indicated by letters.
a significantly different to b at p < 0.05 level.
a,b not significantly different to a or b at p < 0.05 level.
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Pseudomonas populations
The FI 13 G22 treatment had a significantly greater indigenous fluorescent 
Pseudomonas population (Table 3.2) than the other three countable treatments 
(SBW25 WT is not genetically marked and thus was not distinguishable from the 
indigenous population), by approximately 0.35 log units which is over double the 
population o f the control and the other treatments which all had comparable 
populations.
Table 3.2: Log fluorescent Pseudomonas and lactose utilising populations in the 
rhizosphere of pea plants inoculated with wild type and genetically modified P. fluorescens 
strains.
Treatment* Indigenous
pseudomonads#
Introduced
pseudomonads#
Total
pseudomonads#
Other lactose 
utilisers#
Control 6.3 ±0.015 N/A 6.3 ±0.015a 6.42 ±0.048b,c
SBW25 WT N/A N/A 6.771 ±0.018 6.104 ±0.046*’
SBW25 GMM 6.146 ±0.066 6.555 ±0.025a 6.698 ±0.025 5.854 ±0.081a
FI 13 G22 6.594 ±0.044" 6.151 ±0.058 6.728 ±0.037 6.471 ±0.036c
FI 13 6.136 ±0.056 6.168 ±0.025 6.422 ±0.029;i 6.542 ±0.039c
^Treatments; control, no inocula; SBW25 WT, inoculated with P. fluorescens SBW25 
wild type;SBW25 GMM, inoculated with recombinant P. fluorescens SBW25; FI 13 G22, 
inoculated with lacZY marked DAPG- (Tn5 mutated) P. fluorescens FI 13 G22; FI 13, 
inoculated with lacZY marked DAPG+ P. fluorescens FI 13.
# Standard errors for means (n=7) indicated. Significant differences at p=0.05 level 
indicated by letters.
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The population size o f the introduced Pseudomonas strains (Table 3.2) were 
determined for the strains with lacZY inserts. The SBW25 GMM strain was 
recovered in the largest numbers (p<0.05), and was more than double the recovered 
populations o f the two FI 13 strains which had comparable population sizes.
Total fluorescent pseudomonad populations (Table 3.2), which is the sum o f the 
introduced and indigenous populations, were significantly smaller (p<0.05) in the 
control and FI 13 (DAPG+) treatments than the DAPG- derivative and the SBW 25 
strains which all had similar populations.
Other lactose utilisers
The use o f X-gal in the Pseudomonas isolation media to identify the lacZY 
marked strains meant that other bacteria, capable o f growing on the PI media, that 
can utilise lactose as a carbon source could also be easily enumerated. The SBW25 
GMM treatment resulted in a significantly lower (by more than half a log unit) 
lactose utilising population (Table 3.2) than the control and the two FI 13 strains, 
which had comparable population sizes. However, the SBW25 GMM inoculum did 
not result in a significantly smaller population than the wild type, which was also 
significantly smaller than the two FI 13 strains, but not the control.
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Total microbial populations
There were no statistically significant differences observed in the fungi, yeast 
and total bacterial populations in the different treatments (Table 3.3).
Table 3.3: Log total fungal, yeast, and bacterial populations in the rhizosphere of pea 
plants inoculated with wild type and genetically modified P. fluorescens strains.
Treatment* total fungi# total yeast# total bacteria#
Control 4.354 ±0.08 4.316 ±0.088 7.639 ±0.034
SBW25 WT 4.371 ±0.069 4.245 ±0.095 7.603 ±0.048
SBW25 GMM 4.383 ±0.063 4.212 ±0.088 7.556 ±0.041
F l13 G22 4.540 ±0.051 4.119 ±0.055 7.565 ±0.042
Fl 13 4.490 ±0.063 4.251 ±0.096 7.524 ±0.073
^Treatments; control, no inocula; SBW25 WT, inoculated with P. fluorescens SBW25 
wild type;SBW25 GMM, inoculated with recombinant P. fluorescens SBW25; Fl 13 G22, 
inoculated with lacZY marked DAPG- (Tn5 mutated) P. fluorescens Fl 13 G22; Fl 13, 
inoculated with lacZY marked DAPG+ P. fluorescens F113.
# Standard errors for means (n=7) indicated. Significant differences at p=0.05 level 
indicated by letters.
Bacterial community structure
The control, both the SBW25 strains and the F 113 G22 inocula resulted in 
similar colony formation profiles (Figure 3.1), with most colonies (approximately 
70%) emerging evenly between 36 and 50 hours after inoculation, producing a large
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broad peak o f colony formation over this time before steadily declining in number 
with time. The FI 13 (DAPG+) strain caused a time-colony formation profile with a 
marked difference to the other treatments, with a large narrow peak (consisting o f  
approximately 55% o f the total colonies) over a single observation time point (50 
hours after inoculation) whilst less than 20% o f the colonies were visible 36 hour s 
after inoculation. After the 74 hour* time point the colony emergence for the FI 13 
DAPG+ treatment was similar to the other treatments. Thus the colony emergence 
with the FI 13 treatment was slower initially and was therefore displaced towards K 
strategy.
70% x
co 60%--
36 50 74 98 122 146 170INCUBATION TIME (Hrs)
Figure 3.1: Bacterial community structure in the rhizosphere of pea plants inoculated 
with wild type and genetically modified P. fluorescens strains. * Treatments; control, not 
inoculated; SBW25 WT, inoculated with P. fluorescens SBW25 wild type;SBW25 GMM, 
inoculated with recombinant P. fluorescens SBW25; FI 13 G22, inoculated with lacZY 
marked DAPG- (Tn5 mutated) P. fluorescens FI 13 G22; FI 13, inoculated with lacZY 
marked DAPG+ P. fluorescens FI 13. # Standard errors of means (n=7) indicated.
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Phosphorus and sulphur cycle enzyme activities
The acid phosphatase activity (Table 3.4) was lowest with the inoculation o f the 
FI 13 strain, but only significantly so to the SBW25 WT treatment (p<0.05). The 
FI 13 (DAPG+) treatment resulted in a significantly greater (p<0.05) alkaline 
phosphatase activity (Table 3.4), than the other inocula but not the control which 
was intermediate in activity. The FI 13 G22 inocula resulted in the lowest alkaline 
phosphatase activity.
Table 3.4: Phosphorus and Sulphur cycle enzyme activities in the rhizosphere of pea 
plants inoculated with wild type and genetically modified P. fluorescens strains.
Treatment* acid
phosphatase#
alkaline
phosphatase#
phospho­
diesterase#
aryl
sulphatase#
Control 7.911 ±0.407a,b 1.235 ±0.153b,c 0.111 ±0.018" 0.091 ±0.012a
SBW25 WT 9.282 ±0.414b 0.757 ±0.172a’b 0.086 ±0.016a 0.094 ±0.014a
SBW25 GMM 7.857 ±0.45a,b 0.934 ±0.147a’b 0.119 ±0.017a,b 0.117 ±0.009a,b
FI 13 G22 8.241 ±0.692a,b 0.704 ±0.159a 0.087 ±0.025a 0.076 ±0.023a
FI 13 7.058 ±0.398a 1.523 ±0.12SC 0.168 ±0.014b 0.161 ±0.023b
*Treatments; control, no inocula; SBW25 WT, inoculated with P. fluorescens SBW25 
wild type;SBW25 GMM, inoculated with recombinant P. fluorescens SBW25; FI 13 G22, 
inoculated with lacZY marked DAPG- (Tn5 mutated) P. fluorescens FI 13 G22; FI 13, 
inoculated with lacZY marked DAPG+ P. fluorescens FI 13.
# Standard errors for means (n=7) indicated. Significant differences p=0.05 level 
indicated by letters.
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As with the alkaline phosphatase activity, the F 113 ( DAPG+) treatment 
produced the highest phosphodiesterase activity (Table 3.4), which was 
significantly greater than both the control, SBW25 WT and F 113 G22 treatments. 
However statistical significance could not be shown in comparison to the SBW25 
GMM. The aiyl sulphatase activity (Table 3.4), as with the alkaline phosphatase 
and phosphodiesterase activities was greatest in the F 113 (DAPG+) treatment. This 
was significantly greater than both the control SBW25 WT and the F l 13 G22 
treatments but did not prove to be significantly greater than SBW25 GMM inocula.
Carbon and nitrogen cycle enzyme activities
Contrary to the phosphorus and sulphur cycle enzyme activities, the F 113 
(DAPG+) strain caused the lowest acid (3 galactosidase activity which was 
significantly smaller than the SBW25 WT treatment. The F 113 (DAPG+) strain 
produced the lowest (3 glucosidase activity (Table 3.5). This was significantly 
smaller than the control, the SBW25 WT and the F 113 G22 treatments, which all 
had similar activities. As with the p galactosidase and p glucosidase activities the 
F 113 (DAPG+) strain produced the lowest N-acetyl glucosaminidase activity 
(Table 3.5). This was a significantly lower activity than the control, the SBW25 
WT and the F l 13 G22 treatments, which all had comparable activities.
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Table 3.5: Carbon and Nitrogen cycle enzymes activities in the rhizosphere of pea plants 
inoculated with wild type and genetically modified P. fluorescens strains.
Treatment* acid
[3-galactosidase#
p-glucosidase# NAGase#
Control 0.515 ±0.042a,b 1.019 ±0.098b 0.321 ±0.03b
SBW25 WT 0.623 ±0.047b 1.026 ±0.072b 0.334 ±0.017b
SBW25 GMM 0.501 ±0.032a,b 0.765 ±0.088a,b 0.267 ±0.044a,b
FI 13 G22 0.505 ±0.047a,b 1.022 ±0.138b 0.295 ±0.029b
FI 13 0.452 ±0.04a 0.624 ±0.068a 0.184 ±0.019a
^Treatments; control, no inoeula; SBW25 WT, inoculated with P. fluorescens SBW25 
wild type;SBW25 GMM, inoculated with recombinant P. fluorescens SBW25; FI 13 G22, 
inoculated with lacZY marked DAPG- (Tn5 mutated) P. fluorescens FI 13 G22; FI 13, 
inoculated with lacZY marked DAPG+ P. fluorescens FI 13.
# Standard errors for means (n=7) indicated. Significant differences at p=0.05 level 
indicated by letters.
3.4. DISCUSSION
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The semi enclosed microcosm used in this study required little maintenance, and 
with the use o f pea as the model rhizosphere, produced large amounts o f  
rhizosphere soil (> 20g) from a large compact root mass, creating an ideal system 
for rhizosphere study.
The non-functional modifications to the SBW25 strain (lactose utilisation, 
kanamycin resistance and catechol degradation) are designed not to give the 
modified derivative a selective advantage, nor to have an effect on the ecosystem  
the genes are released into. The modifications are, in essence, marker genes, 
introduced to enable the reisolation o f the released bacteria from the environment 
and hence to study its ecology (Drahos et aI 1986). Both the parent and derivative 
FI 13 strains have the lacZY gene cassette inserted for ecological study. The 
deletion o f DAPG production in the FI 13 G22 strain is a functional modification, 
and for the purposes o f this study, the FI 13 parent strain is considered to be a 
model o f a functional modification, i.e. the DAPG+ is the model for a functionally 
modified bacterium and the modified derivative (FI 13 G22, DAPG-) is the model 
o f a non modified wild type parent. The genetic differences are designed to have an 
effect on the ecosystem, Shanahan et ctl (1992) has shown that the wild type parent 
has an inhibitoiy effect in vitro on both bacteria and fungi.
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The plant growth parameters were used to assess the impact o f the different 
inocula on crop productivity, which is an essential consideration in tenns o f the 
human perspective. As neither the shoot nor root weights showed significant 
differences between treatments, yet the Fl 13 (DAPG+) inocula resulted in lower 
shoot weights and higher root weights, the data were converted into shoot to root 
ratio, to take both shoot and root parameters into account together. The conversion 
into shoot/root ratio has been used extensively in the past (Clark and Reinhard, 
1991) and it has been suggested to be an indicator of plant stress, whereby the 
lower the shoot/root ratio (or higher the root/shoot ratio) the more stressed the 
plant. It should be recognised however, that such stressed plants may be more 
effective in acquiring water and nutrients as a result o f the expanded root system 
and thus this may be a positive adaptive response.
As the F113 (DAPG+) strain thus produced a significantly smaller shoot/ratio 
than the control and SBW25 WT treatments, it can be deduced that this strain has 
attributes that cause stress in pea plants, and that these attributes have been deleted 
by the Tn5 insertion to create the Fl 13 G22 strain. The Tn5 insertion was aimed at 
preventing the production o f the DAPG antibiotic and thus it is possible that the 
plant stress is a direct result o f the DAPG production. Alternatively it may be an 
indirect result o f the antibiotic affecting the indigenous microbial community 
structure in the rhizosphere. This may have caused plant stress by an increase in 
detrimental micro-organisms and/or a reduction in beneficial populations
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(protective or stimulatory organisms). Another possible explanation for the 
detrimental effect on plant growth is that the Tn5 deletion affected genes other than 
those encoding the production o f DAPG, and therefore may be a minor pathogen o f  
pea. This theoiy is contrary to the work o f Fenton et al (1992), which suggested 
that the FI 13 strain is a biocontrol agent o f damping off caused by Pythium  on 
sugar beet and that this biocontrol activity was removed by the Tn5 mutagenisis.
It is conceivable that the inoculation o f a micro-organism into the environment, 
will cause the largest effects on other micro-organisms, especially upon populations 
o f a similar nature as the released strain. Thus it was necessary to perform an 
extensive study o f total microbial populations and also a more specific analysis of 
the effect on Pseudomonas populations. The indigenous Pseudomonas populations 
were reduced by both the FI 13 (DAPG+) and the SBW25 GMM strains. However 
the mechanisms o f these reductions are different, with the SBW25 strain reducing 
the indigenous populations by competitive exclusion and the FI 13 by repression 
caused by antibiotic production or other traits that may have been influenced by the 
Tn5 insertion. Evidence for the competitive exclusion caused by the SBW25 strain 
is provided by the introduced Pseudomonas populations, where the SBW25 GMM 
strain resided in numbers much greater than the two FI 13 strains, yet the total 
Pseudomonas population was similar to the SBW25 WT and FI 13 G22 treatments. 
Evidence supporting the theoiy that FI 13 (DAPG+) strain repressed the indigenous
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Pseudomonas population directly by the production o f the antibiotic is the higher 
indigenous population with the inoculation o f the FI 13 G22 (DAPG-) strain.
The total Pseudomonas populations with both the SBW25 inoculants were much 
greater than the control, which indicates that the introduced bacteria not only 
displaced a proportion o f the indigenous population, they also inhabited a wider 
niche or colonised the rhizosphere more intensely than the indigenous populations 
displaced. It is likely that the seeding effect of the high inocula, gave the SBW25 
strains an advantage in early root colonisation over other populations (both 
pseudomonads and other micro-organisms). However the FI 13 strains were 
inoculated at similar intensities to the SBW25 strains and the FI 13 G22 did not 
displace the indigenous populations. It is therefore plausible that the FI 13 G22 
strain had an additive effect on the total Pseudomonas population by occupying a 
distinct niche range from the indigenous Pseudomonas populations. Evidence for 
this explanation comes from the indigenous Pseudomonas population with the 
inoculation o f the FI 13 (DAPG+) which was reduced, yet the introduced strain did 
not form a larger population to compensate, as seen with the resulting total 
Pseudomonas population which was similar to that o f the control, and significantly 
smaller than the other three inocula.
The other lactose utilising bacterial population with the inoculation o f the 
SBW25 GMM was significantly smaller than the control and both FI 13
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inoculations but not the SBW25 WT. Therefore it must be assumed that the 
reduction in population size is a general effect o f the SBW25 strains (on 
competitive or grounds other than lactose utilisation) and not the genetic 
modification (lacZY insert) p er  se. This conclusion is also supported by the fact 
that both o f the F 113 strains have lacZY inserts and did not reduce the lactose 
utilising populations.
The fungal populations were not significantly affected by any o f the bacterial 
strains. Therefore the in vitro effects reported by Shanahan et al (1992), whereby 
the F113, (DAPG+) inhibited the fungi and the non-producer did not, were not 
apparent in vivo in this study. It is also in contrary to the work o f Short et al (1990) 
who found that fungal populations were suppressed by a Pseudomonas putida  strain 
inoculated into soil.
As the total bacterial and yeast counts did not indicate any changes in these 
populations it is possible that they were not affected by the inocula. However 
components o f the bacterial population (fluorescent pseudomonads) were affected 
and Austin et al (1990) also found negative effects upon protozoa populations with 
a Pseudomonas inoculation. Therefore these results may highlight the problems 
encountered with total population enumeration, which are expressed on a log scale, 
as counts can be highly variable for isolations from such heterogeneous
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environments as the rhizosphere. Differences o f 0.3 and above on a log scale were 
required, which is a difference o f over 100% on a linear scale.
The results o f the time/colony formation profile showed a marked shift in the 
community structure, towards K strategy, with the inoculation o f the FI 13 (DAPG 
producer) strain. This effect was not found with the other inoeula, thus it can be 
extrapolated that it is the DAPG producing property o f the FI 13 strain that caused 
the effect. There are two possible mechanisms for the shift in colony forming 
distribution, the first as proposed by Hattori (1982 & 1983) is a change in the 
physiological state o f the bacterial cells. This theoiy suggests that starved cells (or 
more generally in this case, stressed cells) will take longer to form colonies than 
non-stressed cells. If it is assumed that the antibiotic production caused a certain 
amount o f stress in the indigenous bacterial community, then the shift towards later 
colony formation can be explained in terms o f the physiological state o f the 
bacterial cells. The alternative theoiy, as proposed by De Leij et al (1993), is that 
there was a shift in the composition o f the bacterial populations towards a slower 
growing community (towards K strategy). De Leij et al supported this theoiy by 
inoculating selected colonies isolated from soil onto fresh plates and recording the 
colony forming distribution again, finding a similar profile to the original isolation. 
However this work used the inoculation o f a non functionally modified organism 
and the effect o f a functionally modified bacteria (especially modified in antibiotic
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production) may be somewhat different. It is likely that the mechanism for the 
distribution shift is some combination o f the two theories.
The alkaline phosphatase activity was significantly higher with the inoculation of 
the FI 13 DAPG+ strain than the other inocula, with the control intermediate in 
activity. Thus it could be assumed that the alkaline phosphatase activity is increased 
by the presence o f the DAPG producing strain and that the other inocula reduced 
the activity with respect to the control. This infers that the effect of increased 
activity is caused by the production o f DAPG (or other artifacts deleted by the Tn5 
mutation). This subsequently infers that the general effect o f inoculation upon 
alkaline phosphatase, and also phosphodiesterase which showed a similar trend, is 
to reduce the enzyme activity. The mechanism of this reduced activity is possibly 
the displacement o f specific components o f the community with other micro­
organisms that produce relatively less enzyme.
In previous work (Naseby and Lynch, 1996b) a similar effect was found, where 
the inoculation o f the SBW25 strain into the rhizosphere o f wheat caused a 
reduction in the alkaline phosphatase and phosphodiesterase activities. However the 
addition o f enzyme substrates to the soil caused a reversal o f this trend, with the 
inocula causing higher activities than the control. Increased available inorganic 
soluble phosphate is known to have an inverse effect on soil phosphatase activity 
(Tabatabai, 1982 and Tadano et al, 1993). If this theoiy is correct, the FI 13
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(DAPG+) strain must have caused a decrease in the available phosphate, thus 
causing an overall increase in activity. This decrease in available P may have taken 
the form o f an increase in the amount o f available carbon in the rhizosphere (by 
stimulation o f root exudation or leakage, given that there was an increase in the root 
and decrease in the shoot mass), increasing the ratio o f C to P available which 
would increase the microbial P demand.
This Vend was not repeated with the acid phosphatase activity. However the 
majority o f the acid phosphatase activity may be o f a different origin to the alkaline 
phosphatase i.e. acid phosphatase is mostly o f plant and associated fungi origin 
(Tarafdar and Marschner, 1994), whereas the alkaline phosphatase is more likely to 
be o f bfxc+eri&i origin. If this is the case, then the effects upon acid and alkaline 
phosphatase can, in some circumstances, be taken to be independent. This is 
supported by the work described earlier (Naseby and Lynch 1996b) where 
rhizosphere acid phosphatase did not show significant differences with the 
inoculation o f bacteria, addition o f substrates and did not show a trend with soil 
depth. The the acid phosphatase activity would be more dependent upon the 
nutritional status o f the plant, which had a lower shoot/root ratio in the F l 13 
tie atm ent and may be loosing comparatively larger amounts o f  C, causing a 
reduced P demand.
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The aiyl sulphatase activity showed a similar trend to the alkaline phosphatase 
and the phosphodiesterase activities, with the FI 13 inoculum causing the greatest 
activities, and the other treatments resulting in similar lower activities. It therefore 
could be interpreted that the same mechanisms are involved with the aiyl sulphatase 
activity as those that influenced the alkaline phosphatase and phosphodiesterase 
activities, i.e. aiyl sulphatase activity is inversely linked to the available inorganic 
sulphate in the rhizosphere.
Inverse trends were found with the C and N cycle enzymes in comparison to the 
general trend found in the P and S cycle enzymes (as was found in Naseby and 
Lynch, 1996b). The activities o f all three enzymes were lowest with the inoculation 
o f the FI 13 (DAPG producing) strain whilst the other treatments resulted in 
comparable higher activities.
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4.1. Summary
Field trials were conducted with sugar beet inoculated with the biocontrol agent 
Pseudomonas fluorescens F 113 which produces the antimicrobial agent 2,4- 
diacetylphloroglucinol (DAPG). There were distinct trends in the rhizosphere soil 
enzyme activities in relation to the soil chemistry. Phosphorus cycle enzymes (acid 
phosphatase, alkaline phosphatase and phosphodiesterase), along with aiyl sulphatase 
activity were negatively correlated with the soil phosphate content and repressed by 
higher levels o f phosphate. Urease activity was positively correlated with the 
phosphate content. These results highlight the high sensitivity o f the enzyme assays as 
a measure o f perturbation and biological nutrient cycling, with strong negative 
correlations found for modest variation in soil chemical parameters. No significant 
differences were found that could be attributed to the experimental treatments. This 
indicates that either the effect o f the treatment was small, or the variation in field
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chemistry was greater than perturbations that may have been caused by the field trial 
treatments. These results therefore also highlight the importance o f homogenous soil 
microcosm systems in risk assessment work, where such inherent variation is 
removed.
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4.2. Introduction
The agrochemical market in 1991 was $26800 million, however biological control 
products accounted for less than 0.5% o f the total (Powell and Jusum, 1993). This is 
veiy little considering the large amount o f research focused on biocontrol. Plant 
disease biocontrol has had few commercial successes other than the use o f  
Agrobacterium radiobacter to control crown gall (Kerr 1989). This product 
failed due to the transfer o f the plasmid encoding antibiotic production and resistance 
to the pathogen. Genetic manipulation to restrict this transfer restored the success o f  
the product.
Levy and Carneli (1995), suggested that antibiotic production by biocontrol bacteria 
is a major phenomenon in pathogen antagonism. King and Parke (1993) in field trials 
found that the biocontrol agent Pseudomonas cepacia  strain AMMD significantly 
improved the emergence o f four pea cultivars in fields infected with Pylhium  and 
Aphanomyces. Mathre et al (1994) found that the inoculation o f a Pseudomonas 
aureofaciens strain improved the emergence o f sweetcom in three diverse field sites 
infected with Pylhium ultimum. Genetic modification has been the target o f recent 
research into biological control. Colbert el al (1993) transferred a plasmid encoding 
salicylate utilisation from one strain o f Pseudomonas putida  to another strain which 
was an antagonist to Pylhium ultimum. They measured population densities o f the 
modified strain in soil and in soil amended with salicylate and found that the soil 
amendment caused a 100 fold increase in population size and an increase in metabolic
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activity. They also found enhanced survival in the rhizosphere o f sugar beet with 
salicylate amendment.
Citernesi et al (1994) studied the effect o f the biological control agent Iturin A2, 
secreted by Bacillus subtilis strain M51, on the development o f arbuscular mycorrhizal 
fungi which are extremely important for plant development, health and soil fertility 
(Gianinazzi et al 1995). They found no negative effect upon the development o f  
arbuscular mycorrhizal symbiosis under field conditions whilst the infection o f the 
plant pathogen, Fusarium oxyspom m , was hindered. The use o f marker genes in the 
inoculated bacteria gives useful information on the ecology o f the introduced strain, 
for example. De Leij et al (1994a and 1995) used a genetically modified Pseudomonas 
fluorescens strain carrying the lacZY  and xylE  functions to evaluate survival and 
dissemination, they also assessed impacts on specific microbial groups (De Leij et al, 
1994b), but this relied upon culturable methods. However this information does not 
give an overall view o f the impact o f the genetically modified micro-organism (GMM) 
upon the functioning o f the ecosystem as a whole.
The effect o f released biocontrol agents on soil nutrient cycling/soil enzyme 
activities and indigenous microbial populations is poorly described in the literature 
(Naseby and Lynch 1996a). A more comprehensive knowledge o f the consequences of 
microbial releases on soil and rhizosphere ecosystems must be provided before they 
can be safely utilised (Smit et al 1992). The measurement o f perturbations with soil 
biochemical parameters, such as enzyme activities, may be an alternative way of
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monitoring overall effects o f the introduced biocontrol agent on the ecosystem. For 
example soil phosphatase activity has been shown to be an important indicator o f the 
impact o f soil management systems and o f the organic matter content o f the soil 
(Jordan et al, 1995). Doyle and Stotzky (1993) found no difference in enzyme 
activities (aiyl sulphatase, phosphatases and dehydrogenase) when an E. coli strain 
was introduced into soil. This is perhaps not surprising as E. coli is not a soil organism 
and is unlikely to establish a viable population after introduction into soil. Jones et al 
(1991) did not find an effect with addition o f a GMM on N  transformations and N  
transforming organisms. However this experiment and the work o f Doyle and Stotzky 
were conducted in bulk soil (without plants). In contrast, Mawdsley and Bums (1994) 
successfully used soil enzyme measurements to detect perturbations caused by a 
Flavobaclerium  inoculum on wheat seedlings, finding increased activity o f a- 
galactosidase, P-galactosidase, a-glucosidase and p-glucosidase. Naseby and Lynch 
(1996b) also found perturbations in several soil enzyme activities with the inoculation 
o f a Pseudomonas fluorescens strain into the rhizosphere o f wheat.
In this paper we report the use o f soil enzymes as a method to evaluate the effect of 
the biocontxol agent Pseudomonas fluorescens strain F 113 in the rhizosphere o f sugar 
beet, under typical field crop growth conditions.
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4.3. M aterials and methods
Soil site, description and preparation
The experiment was carried out in a well drained brown podzolic soil, developed 
from glacial drift material, located near Bandon (county Cork, Ireland). The A horizon 
(0-22cm) was classified as a loam soil with a particle ratio o f 24:44:32, clay:silt:sand 
respectively, the organic matter content was 9.5% and the pH (water) was 6.8. The 
soil had been cropped with barley for the 10 years prior to the experiment. The annual 
mean temperature was 9.5°C and the pluviometry was 1450mm in 1994 (118% o f the 
yearly average). The soil was prepared by ploughing in October 1993, and was limed 
at the equivalent rate o f 2.5 tonnes calcium carbonate, 25kg phosphate and 25 kg 
nitrogen per ha in march 1994. A composite fertiliser (BC#1, Irish Sugar pic.), 
containing 160kg N  (50% nitrate and 50% ammonium), 49kg P, 173kg K, 62kg Na, 
37kg S (as sulphate), and 4kg B (as Borax) per hectare, was applied 3 days prior to 
sowing in April 1994. The crop was sown on April 15 1994 at a rate o f 104,300 seed 
per hectare (17cm apart with a distance o f 56cm between rows). A further addition o f  
N  was applied 45 days after sowing at a rate o f 51kg N per hectare (as calcium and 
ammonium nitrate). The crop was harvested on October 13 1994 (181 days after 
sowing).
Bacterial inoculant
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The strain used was Pseudomonas fluorescens FI 13 which was isolated from the 
rhizosphere o f field grown sugar beet. This strain produces the antibiotic 2,4- 
diacetylphloroglucinol (DAPG) (Shanahan et al 1992) which is a known antifungal 
agent. P. fluorescens FI 13 R if is a spontaneous rifampcin resistant derivative, which, 
like the wild type parent strain, inhibits Pythium ultimum in vitro (Fenton et al 1992), 
a cause o f damping off. The bacterium was grown in sucrose asparigine broth 
containing lOOpg per ml rifampcin in a shaking incubator at 30°C overnight. Cells 
were harvested by centrifugation at 300rpm for 10 minutes and washed twice in 
quarter strength Ringers solution. Sugar beet seed were inoculated with the bacteria at 
106 cfu per seed, in the pelleting formulation (Eb1M based, Germains, Kings Lynn, 
UK) routinely used by Irish Sugar pic for sugar beet sowing.
Field trial
The trial was aimed at evaluating whether the inoculated biocontrol agent had an 
ecological or agronomic impact upon the agrosystem, in typical crop growth 
conditions. Thus the treatments included an untreated control, seed inoculated with P. 
fluorescens FI 13 rif and bulk soil taken from rows between treatments. Figure 1 
shows the relevant section o f the 7 x 7  latin sqaure design for the experiment which 
included a total o f 7 treatments o f which only the control and P. fluorescens inoeula 
were under investigation in this work. The sampling area within each block is also
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illustrated in Figure 4.1, plants and soil were taken at least Im from the nearest edge 
o f the block.
Soil samples
Sugar beet plants were harvested and individual plants were selected in a random 
manner (five for each o f 3 treatment replicates investigated) from the sampling area of 
each block. Rhizosphere soil was removed from the plant roots by brushing soil 
closely adhering to the surface into a polyethylene bag. Bulk soil was taken from 
random sites in rows between treatments (5 samples). These soil samples were placed 
into 50ml centrifuge tubes, which were sealed and then punctured (to allow gaseous 
exchange), for transport to the University o f Surrey, England. The samples were then 
stored within2days o f sampling at 4°C before, they were then sieved using a 2mm 
mesh, prior to enzymatic determinations. Soil samples were also sent to Independent 
Analytical Services Ltd. for analysis o f the soil chemistry.
Several soil chemical characteristics were measured for each plot (Table 4.1) to 
evaluate the influence o f variability in these parameters upon the agrosystem and the 
effect o f the biocontrol agent on the soil chemistry. It also allows the assessment of 
error caused by soil chemical heterogeneity upon the field trial data and thus allows 
distinctions to be made between effects caused by treatments and soil chemistry.
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The soil enzymes measured (Table 4.2) covered the four major nutrient cycles, with 
acid and alkaline p-galactosidase from the C cycle, urease from the N  cycle (N-acetyl 
glucosaminidase from both the C and N cycles), acid and alkaline phosphatase and 
phosphodiesterase from the P cycle and arylsulphatase from the S cycle. This allowed 
relative assessment o f nutrient availability, and the functional status o f the ecosystem  
to be assessed.
Statistical analysis
Treatments were compared by means o f Analysis o f Variance (ANOVA) and 
subsequent Least Square Difference (LSD). Significance o f correlation were 
calculated using the Spearman correlation coefficient. All statistical analysis were 
conducted in SPSS for windows (SPSS inc.).
The mean activities o f each enzyme for each sample site were correlated with each 
o f the inorganic parameters measured for same sample sites. Correlation analysis gives 
an indication o f the level o f correlation of soil chemical measurements with the 
measured soil enzyme activities. The more positive the result o f the correlation 
analysis, the more positively correlated the two parameters are, with a maximum 
correlation o f  1.0 at which point the results are linear. The closer to 0.0 the result is 
the less correlation between the data sets, therefore 0.0 is complete random
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distribution. Negative values indicate negative correlation, with a figure o f -1.0 
indicating complete inverse linearity o f the data.
Commercial fungicide 
P. fluorescens F113 
Untreated control
AREA USED FOR 
MEASURMENTS
12m
Figure 4.1 Trial design and sampling sites of a field trial of the biocontrol agent Pseudomonas 
fluorescens F113.
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4.4. Results
The inoculated Pseudomonas fluorescens strain established as an effective 
population size greater than 5 x l0 5 bacteria per root system upon the harvest o f the 
sugar beet, 3 months after sowing. The emergence o f the sugar beet was similar with
i
the bacterial inocula to both the control and a commercial fungicide treatment. i
i
None o f the soil chemical parameters measured were significantly affected by the 
inoculation o f the biocontrol strain (Table 4.1). The variability in soil chemical levels 
were within the bounds o f normal field variation previously experienced at this site
i
and were generally within a 50% range. The variation in soil pH was also small, with j
j
a range o f 0.3 pH units between the samples.
i
!
None o f the soil enzymes measured were significantly affected by the biocontrol !
j
inocula (Table 4.2). As the standard error o f the enzyme activity measurements for )
!I
each plot was generally between 10 and 20%, the sensitivity o f the enzyme I•iII
measurements in this field trial lies between these bounds in the measurement o f
t
differences between plots and treatments. Therefore there were no differences greater i
than 20% detected between treatments.
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CHAPTER 4: ENZYME ACTIVITIES FROM A FIELD TRIAL
Significant negative correlations were found between the soil phosphorus content 
and the acid phosphatase (r = -0.85, p < 0.05) alkaline phosphatase(r = -0.95, p <
0.01), phosphodiesterase(r = -0.89, p < 0.05), arylsulphatase (r -  -0.89, p < 0.05) and 
alkaline p galactosidase (r = -0.87, p < 0.05) activities (Table 3). Urease activity was 
positively correlated with phosphorus content (r = 0.93, p < 0.01) (Table 4.3). The 
acid p galactosidase and N  acetyl glucosaminidase activities (Table 4.3) were not 
significantly affected by the soil phosphorus content. No other measured soil 
chemical parameter had a significant effect upon soil enzyme activities (Table 4.3) and 
the soil phosphorus content was not related to any o f the other soil chemical 
parameters measured.
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CHAPTER 4: ENZYME ACTIVITIES FROM A FIELD TRIAL
4.5. Discussion
The biocontrol agent had no apparent effect upon soil enzyme activities and soil 
chemistry and thus it is conceivable from the results o f this field trial that the 
biocontrol agent did not have a significant effect upon the functional dynamics o f the 
agrosystem. These results are not surprising as after 3 months growth the density of 
the inoculum had fallen to a low level. Pseudomonads are predominantly r strategists 
and thus the inoculum is likely to be most active during early plant growth (De Leij et 
al, 1995). Other short term microcosm experiments using this strain with pea, resulted 
in a number o f perturbations in soil enzyme activities. This effect was directly related 
to DAPG production as a non-producing mutant did not have the same effect. Large 
microcosm experiments with a different P. fluorescens strain also produced significant 
perturbations in various soil enzyme activities (Naseby and Lynch, 1996).
The most important period in the effective use of a rhizosphere based biocontrol 
agent is during seed germination and the initial weeks o f growth as the plant 
establishes itself, especially with diseases caused by Pylhhtm ultimum (Nelson, 1990 
Paulitz, 1991 and Nelson and Maloney, 1992). Thereafter the effect o f the biocontrol 
agent is not o f great consequence and residual effects are not desired, especially in 
tenns o f the biosafety or containment o f such an inoculum. In this respect the lack o f  
residual effect caused by the inoculum is an important attribute in tenns o f risk 
assessment.
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It is known that soil chemistry has a large effect upon the soil biochemistry with the 
availability o f nutrients governing the secretion of enzymes by both the plant (Tadano 
et al, 1993) and the microbiota (Janzen et al, 1995 and Tarafder and Marschner, 
1994). Thus a change caused by a bacterial inoculant upon the relative availability of 
certain nutrients will have an effect upon the relative availability o f  other nutrients as 
they become more or less limiting, this type o f interaction could be caused by the 
inoeula quantitatively or qualitatively affecting plant root exudates.
The enzyme activities from the phosphorus cycle (acid and alkaline phosphatase 
and phosphodiesterase activities) were negatively correlated with the P content which 
had a variability o f approximately 40% over the plots, therefore in the samples with 
higher phosphate levels the enzyme activities decreased. This suggests that the 
phosphorus cycle enzymes were repressed by the increased P content, similar effects 
have been shown by several authors where an increase in available inorganic soluble 
phosphate had an inverse effect on soil phosphatase activity (Tabatabai, 1982, Tadano 
et al, 1993 and Tarafdar and Marschner 1994). Therefore it is a direct inverse 
relationship between the P content and the enzyme activities. Aiyl sulphatase (S cycle) 
and alkaline b galactosidase (C cycle) were also negatively correlated with the P 
content, i.e. the more P available the lower the enzyme activity. This indicates that 
where an increased P availability was found carbon and sulphur were not the limiting 
nutrients and the activities were therefore governed by the phosphate availability or 
other process linked to the P availability. The two other enzymes from the C cycle (N
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acetyl glucosaminidase and acid b galactosidase) were unaffected by the soil P content 
also suggesting carbon was not the limiting nutrient under higher P.
The soil urease activity was positively correlated with the soil P content, and was 
not affected by the any o f the nitrogen measurements, which suggests that the N  
became the most limiting nutrient under higher P concentrations. Therefore, the 
increased P levels indirectly caused an increase in the urease activity as there was 
more competition for N uptake by the plant. The variability in the P content may be 
caused by uneven fertilization or varying depletion or leaching during previous 
growing seasons. The variation could be thus alleviated by differential fertilization, 
but this would not fully alleviate varying leaching patterns.
It can therefore be concluded that soil P content was the most important factor 
affecting the soil enzyme activities. The differences in soil enzyme activities caused 
by inherent variation in soil chemistry was o f a greater scale than any possible effects 
that may have been caused by the inoculation o f the biocontrol agent. However the 
soil enzyme measurements proved to be a useful and sensitive indicator o f the soil 
ecosystem function showing a strong negative correlation with a modest variation in 
soil chemistry. These results therefore also highlight the importance o f homogenous 
soil microcosm systems in risk assessment work, where such inherent variation is 
removed and therefore smaller variations as a consequence o f soil treatment can be 
detected.
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5.1. SUM M ARY
The aim of the work described was to determine whether the impact o f a 
Pseudomonas fluorescens strain, genetically modified for kanamycin resistance and 
lactose utilisation (GMM), could be enhanced by soil amendment with lactose and 
kanamycin. Lactose addition decreased the shoot:root ratio of pea, and both soil 
amendments increased the populations o f total culturable bacteria and the inoculated 
GMM. Only kanamycin perturbed the bacterial community structure, causing a shift 
towards slower growing organisms. The only effect on community structure caused by 
the GMM relative to the wild type was obtained when kanamycin was added. 
Kanamycin alone caused a shift towards K strategy (slower growing organisms), 
however this was reduced with the GMM inoeula. Lactose amendment increased the
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galactosidase, P-glucosidase and N-acetyl-P-D-glucosaininidase, whereas the 
kanamycin addition only affected the alkaline phosphatase and phosphodiesterase 
activities. None o f the soil enzyme activities were affected by the GMM under any of 
the soil amendments.
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5.2. INTRODUCTION
Many studies have used genetic inserts as markers or reporters to study the ecology 
o f bacteria released into the environment, especially into the rhizosphere o f crop 
plants, as an aid to the study o f the ecology o f released biocontrol agents. Examples 
include the work o f De Leij et al (1994a and 1995a) and Thompson et at (1995) in 
studies on the establishment, survival and dissemination o f a lacZY, xylE  and kanr 
modified Pseudomonas fluorescens strain. Rattray et at (1993), looked at the 
colonisation o f lux marked Pseudomonas fluorescens strain, under varying conditions 
o f temperature and soil bulk density in different components o f the plant soil 
ecosystem. They did not examine differences between the wild type and the 
genetically modified derivative, but they found that temperature affected the survival 
and bulk density affected the colonisation o f the inoculum. Flemming et at (1994) 
studied the survival in oil contaminated microcosms o f a lacZY, lux and r if  marked 
biosurfactant producing Pseudomonas aeruginosa  strain. They found that growth of 
wild type and GMM were similar in liquid culture. The inoculum was recovered in 
much higher numbers in the contaminated soil compared with non contaminated soil, 
but the study did not extend to a comparison o f wild type and GMM in the soil 
ecosystem. However these authors did not look at the effect o f the marker genes p er  
se on the organism itself or on the ecosystem as a whole with soil inoculation.
England et al (1993) found no differences in survival and soil respiratory activity 
with inoculation o f a wild type and genetically modified Pseudomonas aureofaciens.
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They also found no differences in straw, cellulose and calico cloth decomposition 
along with soil carbon source utilisation, as measured by BIOLOG, in soil microcosms 
with the two inoeula (England et al, 1995). Elliott et al (1994) marked Streptomyces 
strains with actinorhodin production and found no differences between the 
transformant and wild type parent in wheat and alfalfa root colonisation.
It is possible that the performance (survival and colonisation) o f inoculated 
transformants as biocontrol agents could be enhanced by biasing the environment 
towards the inoeula, for example by the addition o f antibiotics or other selective 
agents. Substrate dependent biological containment systems have been developed and 
inserted into the genomes o f released organisms (Jensen et a l, 1993). Vanelsas et al
(1994) found a selective disadvantage to modified P. fluorescens strains (Tn 5 derived 
nptll or nptll-cryVB genes) when co-inoculated with the wild type (WT) into soil 
microcosms. The addition o f kanamycin to the system did not enhance the 
competitiveness o f the kanamycin resistant GMM in comparison to the WT parent, but 
they did find an effect upon rhizosphere colonisation. Deoliveira et al (1995) 
investigated the effects o f kanamycin and streptomycin additions to soil upon the 
population dynamics o f a Tn5 mutated P. fluorescens; only streptomycin caused a 
significant stimulatory effect. Badalucco el aI (1994) found that the indigenous soil 
microflora was significantly perturbed with streptomycin and cyclohexamide 
amendments. However the direct effects were transient and the resistant survivors 
used the dead portion o f biomass as a nutrient source and the antibiotic amendments 
were utilised as carbon sources. Colbert et al (1993) found enhanced metabolic
activity and increased population densities o f biocontrol strain o f Pseudomonas pulida  
modified to utilise salicylate, in comparison with the wild type, in soil amended with 
salicylate. Larger numbers o f the GMM were also isolated from the rhizosphere of 
sugar beet when the soil was amended with salicylate.
However neither o f these studies investigated the subsequent effects upon the 
ecosystem and its function as a whole. A number o f methods have been shown to be 
useful indicators o f perturbations caused by microbial inoculation. These methods 
notably include, rhizosphere microbial population structure (De Leij el al 1994b) and 
soil enzyme activities (Mawdsley and Burns 1995 and Naseby and Lynch 1996a) 
which is a measure o f perturbation in ecosystem function (Naseby and Lynch 1996b).
We investigated the effects o f wild type and GMM ([lacZY and kan1) inoculation in 
the rhizosphere o f pea with the addition of selective agents (lactose and kanamycin) 
for the GMM, on soil resident populations and soil enzyme activities.
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5.3. M ATERIALS AND M ETHODS.
Soil description
The soil used was a sandy loam of the Holiday Hills series, taken from Merrist 
Wood Agricultural College 5 miles South-east o f Guildford, and had been under 
permanent pasture for at least 15 years. The pH o f the soil was 5.36, the particle ratio 
was 10:9:81 clay: silt: sand respectively, and the organic content was 1.6% by weight.
Experimental systems
Coarsely sieved loose soil (250g) was placed in an experimental microcosm 
consisting o f a rolled acetate overhead projector sheet to form a cylinder 210mm high, 
slotted between the top and base o f plastic 90mm diameter Petri dishes creating a 
semi-enclosed system.
Bacterial strains and treatment
The strains used were Pseudomonas fluorescens strain SBW25, a wild type strain 
isolated form the phytosphere o f sugar beet, and its genetically modified derivative 
(strain SBW25EeZY-6KX), containing the marker genes lacZY  (lactose utilisation), 
kanamycin resistance and xylE  (catechol degradation), Bailey el al (1995).
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The bacteria were grown on full strength tryptone soya agar for 4 days at 30°C and 
each plate subsequently harvested in 10ml o f sterile quarter strength Ringers solution 
using disposable plastic plate spreaders to scrape off the bacterial mat. Control plates 
(without bacteria) were also flooded with quarter strength ringers and surface scraped 
with spreaders. The resulting suspensions were collected in 250 ml Duran bottles and 
shaken vigorously to homogenise the bacterial suspensions. The bacterial suspension 
(containing 6 x l0 9/ml was subsequently used to imbibe pea seeds (var. Montana), at a 
ratio o f one seed per ml, for 8 hours (stirred eveiy 30 minutes) resulting in between 2 
and 4 x 108 cfu per pea seed.
Experimental design
Five replicates o f each o f 9 treatments containing 8 imbibed seeds per microcosm, 
planted at a depth o f approximately 1 cm below the soil surface were conducted. The 
treatments consisted o f a control and seeds inoculated with wild type or GMM P. 
fluorescens in combination with kanamycin addition, lactose addition or no selective 
amendment to the soil. Soil amendments were added to each microcosm as a solution 
at rates 30ml o f lOOOppm kanamycin or 2% lactose, in place o f water, after 7 days 
growth. The microcosms were placed in a growth chamber (Vindon Scientific) set to a 
16 hour photoperiod with a day/night temperature regime o f 21°C/15°C respectively, 
relative humidity was maintained at 70%.
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Sampling and analysis
The plants were grown for 21 days before they were harvested, upon which soil 
closely associated with the plant roots was collected, sieved with a 2mm sieve, stored 
over-night at 4°C and assayed for soil acid and alkaline phosphatase, 
phosphodiesterase, aiyl sulphatase and N-acetyl glucosaminidase by the methods o f 
Naseby and Lynch (1996b and chapter 2). p glucosidase and acid P galactosidase 
activities were measured by a method similar to the N-acetyl glucosaminidase assay 
described by Naseby and Lynch (1996b and chapter 2) using p-nitrophenyl-p-D- 
glucoside and p-nitrophenyl-p-D-galactoside as substrates for the respective enzymes.
Shoot and root fresh weights (after rinsing and drying) were measured and lg  o f  
root was subsequently macerated and ground in 9 ml o f sterile quarter strength Ringers 
solution using an alcohol sterilised pestle and mortar. A ten fold dilution series was 
performed and PI media (Katoh and Itoh, 1983) amended with 50ppm Xgal was used 
for enumeration o f the genetically modified, introduced strains. These plates were 
incubated at 25°C and enumerated after 5 days growth. 10% tryptone soya agar was 
used for the enumeration o f total cultivable bacterial populations and for determining 
the population sVucture in tenns o f r and K strategists (De Leij et al 1993) for this 
purpose the plates were incubated at 25°C for 7 days (counted on a daily basis).
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Statistical analysis
Data was analysed using SPSS for Windows (SPSS inc.) by means o f a one way 
anova and subsequently differences between treatments (multiple comparisons) were 
elucidated by least significant difference.
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5.4. RESULTS
Shoot/root ratio (Figure 5.1)
The effects o f soil amendment and microbial inoculation upon shoot, root and total 
plant weights (data not shown) individually were insignificant, therefore the data were 
transformed into shoot/root ratio (Clark and Reinhard, 1991) The addition o f lactose 
significantly (p<0.001) reduced this ratio, in comparison to the control and kanamycin 
treatments, by approximately 15%. Kanamycin addition and both the microbial
1
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2  0.4
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■  W T
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Figure 5.1. Ratio between plant shoot and root weights as affected by lactose and 
kanamycin amendments with the inoculation o f wild type and genetically modified P.
fluorescens.
None, no soil amendment; kan, kanamycin addition; lac, lactose addition; control, 
not inoculated; WT, inoculated with P. fluorescens SBW25 wild type; GMM, 
inoculated with genetically modified P. fluorescens SBW25.
Standard errors o f means shown (n=5). Significant effects, lactose addition,
p<0.001.
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inocula (in non-amended and both amended soils) had no effect upon the shoot/root 
ratio.
Bacterial populations (Tables 5.1 and 5.2) and community structure (Figures 5.2-4)
Lactose and kanamycin additions to the soil caused similar, significant increases in 
the total number o f culturable bacteria in comparison with the non-amended soil. The 
two inoculated bacterial strains did not have a significant effect upon bacterial 
numbers in the non-amended and lactose treatments. However, with the addition of 
kanamycin the control and WT inoculated treatments had much greater bacterial 
numbers than the GMM strain which had a similar population to the non-amended 
treatments.
Table 5.1. Total bacterial populations in the rhizosphere o f pea as affected by lactose and 
kanamycin amendments.
None Kanamycin* Lactose*
Treatment# Cont WT GMM Cont WT GMM* Cont WT GMM
Log cfu 7.62 7.6 7.6 7.79 7.89 7.6 7.72 7.7 7.78
recovered +0.07 ±0.08 ±0.03 ±0.1 ±1.1 ±0.04 ±0.07 +0..09 ±0.11
# Treatments: Cont, non inoculated control; kan, kanamycin addition; lac, lactose addition; 
WT, inoculated with P. fluorescens SBW25 wild type; GMM, inoculated with genetically 
modified P. fluorescens SBW25.
^Significant effects, kanamycin addition, p<0.05; lactose addition, p<0.05; kanamycin 
addition with GMM inocula vs kanamycin addition with WT inocula, p<0.05.
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The addition o f kanamycin to soil did not effect the number o f genetically modified 
P. fluorescens recovered, however lactose amendment significantly increased the 
number recovered by over 0.3 o f a log unit.
Table 5.2. Recoveiy o f genetically modified P. fluorescens from the rhizosphere 
o f pea as affected by lactose and kanamycin amendments
Treatment# GMM Kan ± GMM Lac + GMM*
Log cfu 5.954 ±0 .163 6.091+0.12 6.294 + 0.126
recovered
# Treatments: lean, kanamycin addition; lac, lactose addition GMM, inoculated 
with genetically modified P. fluorescens SBW25.
♦Significant effects, lactose addition, p<0.05.
Bacterial community structure measures the percentage o f the total bacterial 
colonies appearing on inoculated agar plates over time. No notable differences were 
found in non-amended soil between the control and the two bacterial inocula (Figure 
5.2), which peaked at T=50 hours, consisting o f between 35 and 40% o f colonies. The 
addition o f lactose to soil also did not cause notable differences in the community 
structure profiles between the non inoculated and both inoculated treatments or the 
non-amended treatments (Figure 5.3).
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Figure 5.2. Bacterial community structure in the pea rhizosphere with the inoculation of wild 
type and genetically modified P. fluorescens. Standard errors are shown (n = 5).
Control, not inoculated; WT, inoculated with P. fluorescens SBW25 wild type; GMM, 
inoculated with genetically modified P. fluorescens SBW25.
Time (hours)
Figure 5 .3. Effect of kanamycin on the bacterial community structure in the rhizosphere of 
pea with the inoculation of wild type and genetically modified P. fluorescens Standard errors 
are shown (n = 5).
Control, not inoculated; WT, inoculated with P. fluorescens SBW25 wild type; GMM, 
inoculated with genetically modified P. fluorescens SBW25.
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However the addition o f kanamycin to soil caused a number o f changes to the 
community structure profiles (Figure 5.4). The non inoculated and WT inoculated had 
similar initial colony appearances (T=36hrs) to the non-amended treatments. However 
the curves rose to a much smaller, broader peak (covering T=50 and T=74), than their 
non-kanamycin amended counterparts, o f between 25 and 30% o f colonies. After 122 
hours the colony formation profile was similar to the control.
Figure 5 .4. Effect of lactose on the Bacterial community structure in the rhizosphere of pea 
with the inoculation of wild type and genetically modified P. fluorescens Standard errors are 
shown (n = 5).
Control, not inoculated, WT, inoculated with P. fluorescens SBW25 wild type, GMM, 
inoculated with genetically modified P. fluorescens SBW25.
- 1 4 4 -
The inoculation o f the GMM in the presence o f kanamycin resulted in colony 
formation bearing a profile intermediate between the other kanamycin addition curves 
and the non-kanamycin treatments. The initial colony appearance (T=36) was much 
higher than the other kanamycin treatments and a narrow peak consisting o f 35% of  
the colonies occurred at 50hrs, which was greater than peaks found in other 
kanamycin treatments but smaller than non kanamycin treatments. The peak rapidly 
declined to 15% at 74hrs and this percentage was maintained until 98hrs. After 98hrs 
the profile was similar to the other treatments.
Soil enzyme activities (Tables 5.3 and 5.4)
Acid phosphatase (p<0.001) and aiyl sulphatase (p<0 .001) activities were 
significantly greater than the control with the addition o f lactose (Table 5.3). Lactose 
addition also caused a significant increase in the alkaline phosphatase activity was 
double (p<0.001) and phosphodiesterase (p<0.001) activity was triple the control 
activities with the addition o f lactose (Table 5.3). Both activities were also 
significantly greater (p<0.01) than the activities in kanamycin amended soil, which in 
turn caused greater activities than the control (p<0,05). The bacterial inoeula did not 
significantly affect the alkaline phosphatase and phosphodiesterase activities under 
any o f the soil treatments.
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Table 5.3. Phosphorus and sulphur cycle enzyme activities in the pea rhizosphere as affected by 
lactose and kanamycin amendments with the inoculation of wild type and genetically modified P. 
fluorescens.
None vFKanamycin* Lactose***
Enzyme# Cont WT GMM Cont WT GMM Cont WT GMM
Acid phos 2.57 2.43 2.46 2.49 3.02 2.68 3.12 3.42 3.08
Sulph 0.04 0.07 0.05 0.07 0.07 0.09 0.12 0.14 0.15
Aik phos 0,92 1.03 0.89 1.07 1.2 1.07 1.47 1.42 1.41
Di ester 0.04 0.06 0.04 0.07 0.09 0.08 0.11 0.12 0.14
# Activities expressed as mg pNP released/hour/g diy soil. Acid phos, acid phosphatase; Sulph, aryl 
sulphatase; Allc phos, alkaline phosphatase; Diester, phosphodiesterase Cont, non inoculated control; 
lean, kanamycin addition; lac, lactose addition; WT, inoculated with P. fluorescens SBW25 wild 
type; GMM, inoculated with genetically modified P. fluorescens SBW25.
^Significant effects, lactose addition, p<0.001. TAlkaline phosphatase and phosphodiesterase with 
kanamycin addition, p<0.05 and lactose addition vs. kanamycin addition, p<0.01
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Lactose amendment, as with the P cycle enzymes, significantly increased the acid 
and alkaline P-galactosidase (p<0 .001), the p-glucosidase (p<0.001) and NAGase 
(p<0.01) activities (Table 5.4). Plowever effects of kanamycin amendment were 
insignificant.
Table 5.4. Carbon cycle enzyme activities in the pea rhizosphere as affected by lactose and 
kanamycin amendments with the inoculation of wild type and genetically modified P. fluorescens.
Enzyme#
None 
Cont WT GMM
Kanamycin 
Cont WT GMM
Lactose** 
Cont WT GMM
p-gluc 0.38 0.39 0.38 0.39 0.43 0.49 0.8 0.84 0.76
NAGase 0.08 0.09 0.06 0.11 0.09 0.08 0.16 0.16 0.21
Acid gal 0.32 0.36 0.31 0.29 0.33 0.31 0.54 0.51 0.48
Aik gal 0.33 0.37 0.32 0.37 0.39 0.38 0.51 0.5 0.53
# Activities expressed as mg pNP released/hour/g dry soil. Acid gal, acid P-galactosidase; Aik gal, 
alkaline p-galactosidase; p-gluc, p-glucosidase; NAGase, N-acetylglucosaminidase. Cont, non 
inoculated control; WT, inoculated with P. fluorescens SBW25 wild type; GMM, inoculated with 
genetically modified P. fluorescens SBW25.
^Significant effects, lactose addition, p<0.01.
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D IS C U S S IO N
The reduction in the shoot/root ratio with the addition o f lactose may be an 
indication o f plant stress, as tbis parameter is commonly used as an indicator of 
change in plant physiology (Clark and Reinhard, 1991). Causes o f plant stress include 
pathogens and nutrient limitations and therefore a decrease in the shoot/root ratio may 
indicate such stress. The addition o f simple sugars has been shown to increase the soil 
microbial biomass which reduces the available nutrients to the plant. Gallardo and 
Schlesinger (1995) found an increase in biomass N and a decrease in extractable N  
and P with the addition o f dextrose to the soil. Wu et al (1995) found that native soil S 
was immobilised with the addition o f glucose. The possibility that the plant was under 
increased nutrient stress is also supported by the increase in acid phosphatase activity 
in the presence o f lactose, phosphatase activity is inversely related to the available P 
(Tabatabai, 1982 and Tadano 1993). This indicates that P is less available to the plant 
as acid phosphatase is predominantly o f plant (and fungal) origin (Tarafder and 
Marschner, 1994) and secretion has been shown to increase under P deficient 
conditions.
Both the lactose and the kanamycin additions increased the total culturable bacterial 
populations. The increase caused by the lactose amendment is likely to be a direct 
consequence of increased available carbon, creating a larger standing population^ as 
was found by Gallardo and Schlesinger (1995) with an increased microbial biomass in 
dextrose amended soil. The mechanism by which the antibiotic amendment increased
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the bacterial population may be different. Badalucco et al (1994) found that a large 
proportion o f the indigenous soil microflora was eliminated by the addition of 
streptomycin and cyclohexamide amendments. However after two days the survivors 
used the dead portion o f biomass as a nutrient source and some were also capable o f  
using the antibiotic amendments as carbon sources. It is therefore possible that the 
kanamycin addition caused a similar effect, which was manifested as a larger 
culturable population, caused by a larger or more active (therefore culturable) 
population.
Lactose amendment did not cause a perturbation in the bacterial community 
structure. The simple carbohydrate addition is likely to be utilised primarily by r 
strategists (fast growing bacteria), which would give a large early peak in the bacterial 
community profile. However this would not differ from the control profiles as young 
roots are predominantly populated by r strategists (De Leij et al 1995b) and the 
experiment was sampled after only 3 weeks o f plant growth. The addition of 
kanamycin caused the only significant effects upon the bacterial community structure 
profile. A large proportion o f colonies appeared later in the control and P. fluorescens 
WT inoculated treatment than the non kanamycin amended counterparts. This suggests 
a shift towards slower growing bacteria (K strategists), caused by the antibiotic 
addition. This may be interpreted as a stress response, i.e. the kanamycin caused a 
level o f stress to the indigenous community, resulting in a shift towards K strategy. 
However the GMM inoeula (kanamycin resistant) reduced the shift towards K strategy 
caused by the kanamycin amendment even though the kanamycin addition did not
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significantly affect the size o f the introduced population. This may be a direct 
consequence o f the community containing a large inoculated population o f fast 
growing kanamycin-resistant bacteria. This is a direct attribute o f the genetically 
modified strain as the wild type inocula produced a similar profile to the control where 
a large proportion o f fast growing bacteria were killed o ff by the kanamycin 
amendment, leaving a wider niche for K strategists.
There are two possible mechanisms for the shift in colony forming distribution, the 
first as proposed by Hattori (1982 and 1983) is a change in the physiological state o f  
the bacterial cells. This theory suggests that starved cells (or more generally in this 
case, stressed cells) will take longer to form colonies than non-stressed cells. If it is 
assumed that the antibiotic addition caused a certain amount o f stress in the 
indigenous bacterial community, then the shift towards later colony formation can be 
explained in tenns o f the physiological state o f the bacterial cells. The alternative 
theoiy, as proposed by De Leij et al (1993), is that there was a shift in the composition 
o f the bacterial populations towards a slower growing community (towards K 
strategy). De Leij el al supported this theoiy by inoculating selected colonies isolated 
from soil onto fresh plates and recording the colony fonning distribution again, 
finding a similar profile to the original isolation. However this work used the 
inoculation o f the same genetically modified organism but did not subsequently add 
kanamycin to the soil. The effect o f functionally modified bacteria (especially 
modified in antibiotic resistance in the presence o f the antibiotic) may be somewhat 
different. During this experiment number o f colonies from the kanamycin amended
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soil were re-inoculated onto fresh plates, and the colony formation was approximately 
equally distributed between colonies appearing after a similar time period to the initial 
soil isolates and others appearing 24 hours earlier than their respective parent colonies. 
Therefore it is likely that the mechanism for the distribution shift is some combination 
o f the two theories.
Both the alkaline phosphatase and phosphodiesterase activities increased 
substantially with the addition to soil o f lactose. This indicates (as with the acid 
phosphatase activity) that the lactose amendment caused a large demand for 
phosphate, with a greater carbon availability therefore causing phosphate to become 
more limiting. Similar results were found by Falih and Wainwright (1996) with the 
addition o f sugar beet to soil as an easily available carbon (glucose) source. This 
amendment increased amylase, invertase, dehydrogenase, urease, aiyl sulphatase and 
phosphatase activities and also increased the total bacterial population. They 
concluded that the carbon input could be used to increase the rate o f release of 
available ions from fertilisers such as insoluble phosphates. The release o f such ions 
would be mediated by increased enzyme activities o f microbial origin (as this 
experiment did not include a growing plant) released in response to increased C 
availability and a subsequent increase in P demand. Carbon cycle enzyme activities as 
in Falih and Wainwright’s work, increased with the addition o f an easily available C 
source as a direct consequence o f increased carbon content and turnover.
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The rapid proliferation o f a small kanamycin resistant community after the addition 
o f kanamycin to soil would require rapid acquisition o f nutrients, with phosphate 
being one o f the most limiting, especially around a plant root. The highly active 
population (as seen with the high number o f culturable bacteria) in a more P limited 
environment therefore led to a higher alkaline phosphatase and phosphodiesterase 
activity. Kanamycin amendment did not significantly affect the carbon cycle enzyme 
activities.
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The experiments described were designed to fulfil deliverable number 8 o f the 
IMPACT program, to ‘report on the effect o f GMMs on important soil biochemical 
parameters, e.g. soil enzymes’. The methods developed were assessed alongside 
traditional population studies as indicators o f perturbation. The two main aspects of 
involved in this task were the development o f the methodology and subsequent 
application o f these methods to assess perturbations caused by genetically modified 
microbes, specifically the genetic modification per se. The assays were assessed for 
their efficacy as an indicator of perturbation in chapter 2 , and the methods are 
discussed in section 6.1. These methods were applied as an indicator o f the 
perturbation caused by genetic modification in the experiments described in chapters 3 
and 5 and discussed in section 6.2, and were used to assess the impact o f the field 
release o f a biocontrol agent in chapter 4.
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6.1. M E T H O D O L O G Y
Existing soil enzyme methodology (e.g. Tabatabai, 1982) had a number of 
disadvantages and limitations, with large amounts of soil, time and reagents required. 
The methodology developed during the last three years has reduced these problems 
considerably. The use o f extraction procedures has reduced the amount o f soil 
required by at least 80%. This is especially important to rhizosphere studies where the 
amount o f soil recovered form small and fine roots can be very low.
The methodology has therefore allowed a suite o f enzyme activities to be measured, 
enabling simultaneous evaluation of enzymes from different nutrient cycles. The 
measurement o f a range o f enzymes from various cycles allows comparative 
assessment o f the nutritional status o f the ecosystem, as was apparent in the Irish 
Sugar field trials described in chapter 4. The soil biota secrete scavenging enzymes 
like phosphatases in response to their comparative nutritional status or needs. Enzyme 
activity measurements therefore have the advantage over nutrient cycle analysis that 
they are an indicator o f the nutritional status o f the biota in the ecosystem and not just 
a measure o f how much o f each nutritional component is in a sample.
The extraction procedure considerably reduced the time required per assay as only 
two sets o f samples are weighed for up to 10 enzyme assays. Most previous methods 
required separate soil samples for each assay. The replacement o f a filtration step (as 
used by Tabatabai, 1982) with centrifugation upon termination o f the assays resulted
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in a considerable reduction in time and effort. Sodium azide proved to be a more 
efficient microbial growth inhibitor, as unlike the traditional inhibitor, toluene (which 
is imiscible), it is soluble in water. This meant that the sodium azide could be added to 
the buffer and reagent solutions used in the assays, increasing their storage life and 
abolishing the need for separate additions o f buffer, reagents and growth inhibitor.
The use o f dilute soil extracts reduced the amounts o f all subsequent reagents required 
in the assays, and could be reduced further with the use o f microtitre plates.
The enzyme assays were used on a number o f soil types including the silty loam 
described in chapter 2, the sandy loam of chapters 3 & 5 and the loamy soil o f chapter
4. The methods worked well through all these soil types and proved to be sensitive 
measures o f variation in enzyme activity in all. The assays were also effective when 
used with various crop plants (wheat, pea and sugar beet), and in a number of 
microcosm designs (simple semi enclosed, large intact core) and in field experiments.
The methods described have great potential for use in soil/rhizosphere diagnostic 
tests, in conjunction with, or replacing, soil chemical analysis as a measure o f the 
nutritional status o f the ecosystem. The enzyme activity measurements are an actual 
measure o f the nutritional status o f the system in terms o f nutritional need or 
availability rather than a measure o f the potential or possible status. Enzymes j
i|
therefore have great potential as functional measures o f perturbations caused by a !
large number o f factors, including, GMMs, and other perturbants such as fertilisers,
|
pesticides, pollutants, land management schemes and natural processes. The methods
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described here have the advantage that they can give a more comprehensive 
assessment than existing soil enzyme methods could.
The methodology does have a distinct disadvantage over previous methods for 
measuring soil enzyme activities that include the soil sample in the reaction mixture. 
However the methods are not designed and are not appropriate for directly measuring 
differences between soil types as extraction efficiency will vaiy between soil type. 
The assays are designed as direct comparative measures o f differences between 
treatments in one soil type and thus can not completely replace methods that measure 
activity in the presence o f the soil sample.
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6.2. RESULTS
The experimental approach incorporated varying levels o f ecosystem complexity in 
terms o f environmental control. The simplest system was the homogenised soil semi­
enclosed microcosms o f chapter 3 utilising environmental chambers. A higher level o f 
microcosm complexity was used for the experiment o f chapter 2 involving large intact 
soil cores in a glasshouse environment. The most complex system was the field trial o f 
chapter 4, where little control over environmental conditions could be exerted.
Effects o f GMM inoculation were found in the least complex system, with the 
homogenised soil o f the semi-enclosed system and strict environmental control, 
proving to be a useful tool in the detection of perturbations. This microcosm was 
designed to eliminate almost all soil and environmental variation enabling perturbation 
due to experimental treatment to come to the fore. This type o f system could therefore 
prove to be an important and rapid primary screening method for the effects o f GMMs 
and other soil treatments. This would allow the identification o f possible treatment 
effects before scale up to large microcosm and field trial experiments.
The more complex large intact core microcosms also proved to be a useful tool in 
environmental impact assessment, revealing a number o f significant effects. This 
microcosm is therefore an effective intermediary step between the simple microcosms 
described previously or plant pot experiments and full scale field trials. They are
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better suited to medium term experiments (up to 3 months), rather than the short tenn 
germination experiments o f the simple microcosm due to their size and complexity.
Transferral o f the techniques and methodology to full scale field trials highlighted 
the presented problems. The inherent field variability that is a feature o f most complex 
experiments and is beyond human control proved to be an important factor influencing 
the soil enzyme activities. The variability in soil chemistry proved to be o f a much 
greater scale than any effect that may have been caused by the experimental 
treatments. However the enzymatic methods proved to be highly sensitive indicators 
o f the soil chemical variability and hence would be a good indicator o f any 
perturbation that may occur in soil chemistry. The soil enzyme activity measurements 
are also more functionally relevant to the ecosystem indicating variation in nutritional 
status rather than general variation in soil chemistry that may or may not be 
nutritionally important.
The enzymes from the phosphorus cycle were the most sensitive to experimental 
treatment and field variation. This is in part due to the naturally high indigenous 
activity in soils as phosphate is predominantly found in immobilised organic 
phosphate esters, and thus is often a limiting nutrient. Phosphate from such organic 
esters can thus only be mobilised by phosphatase enzymes and hence it is found in 
large quantities. Phosphatase activity or its secretion is highly sensitive to 
environmental variation, especially in the amount of available inorganic phosphate. 
Thus any treatment causing a change in the available P, for instance an increase in C
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availability, will cause relative variation in phosphatase activity. This all contributes to 
the high sensitivity of the phosphatase enzyme activities in the assessment of 
environmental impact assessment. Sulphatase activity has a similar function to 
phosphatase activity as its role is in the mobilisation o f sulphate from organic sulphur 
esters. Therefore the activity is similarly inversely related to the availability of 
inorganic soluble sulphate, hence sulphatase activity can also in general be as useful a 
tool as the phosphatase assays. However the phosphatase activities also have the 
advantage that, to some extent, their origin can be assessed by the pH optima o f the 
enzymes and hence the affected components can be identified.
Carbon cycle enzymes assays are less sensitive to environmental impact due to the 
nature o f induction, i.e. they are directly induced by the presence o f substrates. There 
is also a much wider range o f carbohydrate sources in comparison to the nature o f the 
organic phosphate and sulphate esters, resulting the activity o f specific enzymes being 
magnitudes lower than phosphatase activities. They are also not as sensitive to 
environmental variation. The availability o f other nutrients does not affect carbon 
cycle and to a lesser extent nitrogen cycle enzymes, to as great a degree as 
phosphatase and sulphatase activities. This all contributes to the carbon and nitrogen 
cycle enzyme assays being less sensitive than P and S cycle enzymes. C and N  cycle 
enzyme activities are a useful tool in situations where there is an increase in available 
C and N  where a much higher turnover will be found. The are also useful as part o f a 
suite o f enzyme activity measurements where there relative activities in comparison 
with other enzyme activities, especially P and S cycle enzyme activities. This was
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highlighted in chapters 2, 3 and 5, where inverse trends were found between the P & S 
and the C & N cycle enzyme activities.
The experiments described indicated that microbial inoculation can cause 
significant perturbations that can be detected by soil enzyme methods described. The 
addition o f substrates to the microcosms resulted in exaggerated perturbations by the 
inoeula with a greater level o f detectability. The microbial inoeula caused a reduction 
in the natural response o f the ecosystem to the increased nutrient availability 
(secondary perturbation) with the substrate amendment. This approach may prove to 
be an important method o f assessing the ecological effect o f microbial inoeula, 
especially upon the ability o f the ecosystem to respond to changing conditions and 
nutrient availability.
The inoculation o f functionally and non functionally genetically modified bacteria 
upon rhizosphere soil enzyme activities (chapter 3) resulted in several significant 
perturbations. These results highlighted the importance o f the nature o f the genetic 
modification in the study o f GMMs. This experiment followed on from the earlier 
methodology assessment o f chapter 2 , this time using a functionally relevant organism 
(biocontrol agent) and a functional modification (deletion o f antibiotic production). 
The biocontrol s fra in caused substantial perturbations to the soil enzyme activities and 
these results indicated that the organism caused functional perturbations in the 
rhizosphere manifested as an increase in carbon availability. Microbial population 
studies were also used and evaluated alongside the enzymatic methods. Total
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population measurements proved to be insensitive, whereas directed measurements 
(pseudomonad populations) produced significant results, as did the bacterial 
population structure. However these results did not indicate the functional significance 
o f such perturbations and therefore would need to be used in conjunction with 
functional methods like soil enzymatic measurements.
The natural progression from these experiments was to evaluate the developed 
methods in full scale field trials. With in the IMPACT project a number o f field trial 
experiments were planned and collaborative links with University College Cork/Irish 
Sugar, Ireland and the University of Padova/Agronomica, Italy were formed. 
Unfortunately the Italian field trial failed due to heavy rain just after sowing which 
washed the gel based microbial inocula from the seed. The Irish field trial utilised the 
EB™ based pelleting formulation which is a more robust inoculating medium, thus the 
problems encountered with the Italian field trial did not affect the Irish trial.
The inoculated bioconlrol agent, Pseudomonas fluorescens FI 13 which is not 
classified as a GMM, incorporated spontaneous rifampicin resistance as the selectable 
marker, was recovered at detectable levels at the end o f the field trial. Therefore as the 
inoculum colonised the sugar beet rhizosphere effectively, its effects upon soil enzyme 
activities could be evaluated. The outcome of this field trial was the evaluation that the 
inherent variation in the soil phosphate content was the most important factor 
influencing the soil enzyme activities. In the case o f biocontrol agent and GMM 
releases, the fact that there is no detectable residual effect o f the released organism is
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an important statement in terms o f safety evaluation and satisfaction o f legislation, 
before such organisms can be marketed. However for a biocontrol agent to be 
successful it must cause a degree o f perturbation in the crop rhizosphere, especially to 
the target organisms (plant pathogens). This field trial did not find any perturbations in 
the indigenous bacterial populations and did not reduce or improve sugar beet 
emergence and other growth indicators (Meonne-Loccoz, et al 1996). The results were 
similar to the control and to treatments incorporating commercial fungicides, therefore 
in this trial the evidence to the F 113 strains efficacy as a biocontrol agent is 
inconclusive. However in other short term in vivo and in vitro trials this strain was 
shown to be an effective biocontrol agent o f Pythium iiltiivum (Fenton et al, 1992 and 
Shanahan et a!, 1992) and microcosm studies (chapter 3) have shown significant 
effects o f the biocontrol agent upon indigenous pseudomonad populations and the 
bacterial community structure.
The same strain was used in the experiment described in chapter 3, where several 
significant perturbations were found. However there are a number o f important 
differences between the two experiments, including different soil types and more 
importantly different host plants. The bacterium was originally isolated from sugar 
beet and deemed not to have a direct effect upon the host plant, however behaviour 
towards other host plants or the susceptibility o f other host plants to the bacteria’s 
behaviour may vaiy. Another important factor is the differences in complexity o f the 
experimental systems. The microcosm and experimental design o f chapter 3 was 
aimed to maximise control o f the environmental conditions and thus the field variation
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evident in chapter 4 was removed. Therefore it is possible that similar effects occurred 
in the field trial, but were hidden by the variable soil chemistry. This highlights the 
importance o f microcosm studies.
The experiment described in chapter 3 was also a short term experiment, lasting 
only 21 days rather than the 3 months o f a field trial. Effects may be greater in earlier 
stages o f plant growth where the inoeula will consist o f a higher proportion o f the total 
rhizosphere population. Effects caused by the inoeula during germination when the 
bacteria would be at extremely high densities will also be much more evident at an 
early growth stage. The experiment of chapter 3 was also conducted at a much higher 
inoculum density, as the nature o f the experimental approach was to maximise 
detection o f any potential effect rather than to simulate crop management conditions 
as in the field trial. Thus the effects seen in chapter 3 did not occur in the field trial 
situation. Intermediary steps may be required between the two approaches, with the 
microcosm of chapter 2 being an important stepping stone. This would allow longer 
tenn experiments to be conducted with a degree o f environmental control.
Few effects o f GMM inoculation were found in the experiment described in chapter
5. The community structure with the GMM inoeula in the presence o f kanamycin 
showed the only impact o f the GMM compared to the wild type inoeula. The 
functional consequences o f this perturbation to the bacterial community profile caused 
by the GMM under kanamycin amended conditions is unclear, and requires further 
investigation, especially into the strains efficacy as a biocontrol agent. Therefore it is
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unclear whether the action o f such microbial inocula can be improved by soil 
amendment with selective agents.
The objective o f the experiments described was to evaluate the impact o f GMM 
inocula using novel soil biochemical means. The soil enzyme assays developed proved 
to be a successful indicator o f perturbations caused by GMM inocula, however this 
was dependent upon the nature of the genetic modification. The only effects detected 
by the soil enzyme measurements that could be attributed to genetic modification were 
found with the antibiotic producing Pseudomonas fluorescens FI 13 strain. The other 
main conclusion o f the experiments described is that population studies need to be 
more targeted, as total population studies (chapter 3) did not indicate significant 
perturbations, whereas Pseudomonas populations and bacterial community structure 
studies did.
APPLICATIONS & FUTURE WORK
A P P L IC A T IO N S  A N D  F U T U R E  W O R K
The enzymatic methods developed during this project allowed a suite o f  
enzyme activities to be measured simultaneously, therefore, enabling 
concurrent evaluation o f the four primary nutrient cycles (C, N, P and S). The 
measurement o f  a range o f  enzymes from various nutrient cycles allowed a 
comparative assessment o f ecosystem function which is applicable as a 
diagnostic tool in plant bioassays and ecological risk assessment of: GMO 
release, pollutants, effect o f land management systems and o f natural soil 
processes.
Work on the application o f these enzyme assays in the environmental risk 
assessment o f  releasing GMO’s w ill continue during IMPACT II (a three year 
continuation project o f IMPACT I). This project will expand the use o f  soil 
enzymes in such risk assessment including the application o f  the methodology 
to the risk assessment o f genetically modified plants (chitinase and anti-fungal 
protein (AFP) producers), genetically modified fungi (chitinase producers) and 
other genetically modified bacteria. This work will initially be based upon 
microcosm studies, but w ill subsequently involve field release experiments in 
Ireland, Italy, Spain and Canada.
Much o f  the microcosm work will also involve the use o f  soil respiration as 
an indicator o f  rhizosphere activity, primarily as a calibration factor for the soil
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enzyme methodology. Experiments w ill also be conducted into the validation o f
the enzymatic methods as an indicator o f  ecosystem function by comparing the
enzyme activities to nutrient levels and availability in the rhizosphere.
The mechanism o f the effect o f the FI 13 (DAPG+) strain upon the soil 
enzyme activities w ill be evaluated to confirm the findings o f  the enzymatic 
methods (an increase in carbon availability mediated by an increase in root 
exudation) and validate the experimental approach as a diagnostic tool.
The enzymatic methods w ill be used to evaluate the impact o f land 
management systems upon soil ecosystem function in Australian long term land 
management experiments, facilitated by an invitation by CSIRO in Adelaide. 
This will enable the methods to be validated as an indicator o f the effects upon 
land management systems and subsequently other perturb ants such as heavy 
metal contamination caused by sewage application which is component o f  some 
Australian soil management systems.
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biological control agent Pseudomonas fluorescens strain Fl 13. (In submission).
Naseby, D.C., Holford, J. and Lynch, J.M. Assessment o f chitin degrading enzymes 
in the rhizosphere o f broad bean. (To be submitted).
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PUBLICATIONS AND PRESENTATIONS
Naseby, D.C. and Lynch, J.M. establishment of pseudomonas fluorescens 
genetically modified for lactose utilisation and kanamycin resistance in the 
rhizosphere o f pea. (To be submitted).
I
De Leij, F.A.A.M., Naseby, D.C. and Lynch, J.M. Effect o f genetically modified 
Pseudomonas fluorescens strains on rhizosphere microbial populations and enzyme 
activities, influence o f soil type, temperature and host plant. (In preparation).
Naseby, D.C. and Lynch, J.M. Effect of water potential on pea rhizosphere soil 
enzymes. (In preparation). ^
Naseby, D.C. and Lynch, J.M. Stability o f soil enzymes in solution and in s^ oil 
under cold storage. (In preparation).
PUBLICATIONS AND PRESENTATIONS
POSTER PRESENTATIONS
Rhizosphere soil enzymes as indicators of perturbations caused by inoculation o f a 
genetically modified strain o f Pseudomonas fluorescens on wheat seed.
Presented at the EC biotechnology conference, Cork, Ireland, September 1994.
Soil enzymes and microbial population structure to determine the impact o f wild 
type and genetically modified Pseudomonas fluorescens in the rhizosphere o f pea.
Presented at the OECD biotechnology conference, Guildford, June 1996 and the 
EC biotechnology conference, Norwich 1996.
Soil enzyme activities from the rhizosphere o f sugar beet field frails inoculated with 
the biological control agent Pseudomonas fluorescens strain FI 13
Presented at the OECD biotechnology conference, Guildford, June 1996 and the 
EC biotechnology conference, Norwich 1996.
The effect o f GMM inoculation with glucose and cellulose addition on rhizosphere 
soil enzyme activities.
Presented at the SGM summer conference, Aberdeen, September 1995.
PUBLICATIONS AND PRESENTATIONS
ORAL PRESENTATIONS
Rhizosphere soil enzymes as indicators of perturbations caused by inoculation o f a 
genetically modified strain o f Pseudomonas fluorescens on wheat seed.
Presented at the IMPACT meeting, Guildford, April 1994.
Effect o f genetically modified Pseudomonas fluorescens strains on rhizosphere 
microbial populations and enzyme activities, influence o f soil type, temperature and 
host plant.
Presented at the IMPACT meeting, Leuven, Belgium, April 1995.
Functional impact o f GMMs in the rhizosphere o f pea.
Presented at the IMPACT meeting, Padova, Italy, April 1996.
Various departmental seminars, presented at least twice per year.
GLOSSARY
Enzyme
Acid phosphatase
Alkaline phosphatase
A iyl sulphatase
Cellulase
Cellobiosidase
GLOSSARY OF ENZYMES
EC no. Systematic name and action
3 ,1 .3.2 Orthophosphorie-monoester
phosphohydolase (acid optimum). 
Hydroyses phosphate esters to 
phosphate.
3.1.3.1 Orthophosphorie-monoester 
phosphohydolase (alkaline optimum). 
Hydroyses phosphate esters to 
phosphate.
3.1.6 .1 Aryl-sulphate sulphohydrolase. 
Hydroyses sulphate esters to 
sulphate.
3.2.1.4 l,4-(l,3;l,4)|3-D -glucan 4-
glucanohydrolase.
Hydrolyses cellulose to cellobiose.
3.2.1.91 l,4-J3-D-glucan4-glucanohydrolase.
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GLOSSARY
Chitinase
Chitobiosidase
P-glucosidase
(cellobiase)
p-galactosidase
N-acetyl-p-D-
glucosaminidase
Hydrolyses non reducing cellulose terminus 
to cellobiose.
3.2.1.14 Poly( 1,4-p-(2-acetamido-2-deoxy-D- 
glucoside)) glucanohydrolase. 
Hydrolyses chitin to chitobiose.
l,4-p-D-glucoside-4-glucohydrolase. 
Hydrolyses non reducing chitin terminus 
to chitobiose.
3.2.1.21 p-D-glucoside glucohydrolase.
Hydrolyses cellobiose (glucosides) to 
glucose.
3.2.1.23 p-D-galactoside galactohydrolase.
Hydrolyses galactosides to 
galactose.
3.2.1.30 N-acetyl-p-D-glucoside glucohydrolase
Hydrolyses terminal chitobiose to N-acetyl- 
P-D-glucosamine.
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GLOSSARY
Urease 3.5.1.5 Urea amidohydrolase.
Hydrolyses urea to ammonia.
REFERENCES
REFERENCES
Anderson, T.H. and Domsch, K.H. (1985a). Maintenance carbon requirements of 
actively metabolising populations under in situ conditions. Soil Biology and 
Biochemistry 17, 197-203.
Anderson, T.H. and Domsch, K.H. (1985b). Determination o f ecophysiological 
maintenance carbon requirements of soil micro-organisms in a dormant state. Biology 
and Fertility o f Soils 1,81 -89.
Andrews, J.H. and Harris, R.F. (1986). r- and K-selection and microbial ecology. 
Advances in Microbial Ecology 9, 99-147.
Andrews, J.H. and Harris, R.F. (1986). r- and K-selection and microbial ecology. In 
Marshall ICC. (ed.) Advances in microbial ecology 9. Plenum Press, New York, 
London, pp 99-147.
Austin, H.K., Haitel, P.G. and Coleman, D.C. (1990). Effect of genetically altered 
Pseudomonas sotanacecirum on predatory protozoa. Soil Biology and Biochemistry 22, 
115-117.
Badalucco, L., Pomare, F., Giego, S., Landi, L., and Nannipieri, P. (1994) 
Activity and degradation o f  streptomycin and cycloheximide in soil. Biology 
and Fertility o f  Soils 18, 334-340.
REFERENCES
Bailey, M.J., Thompson, I.P., Rainey, P.B. and Ellis, R.J. (1995). Site directed 
chromosomal marking of a fluorescent pseudomonad isolated from the phytosphere of 
sugar beet: stability and potential for marker gene transfer. Mo/. Ecol. 4, 755-762.
Barraclough, D. and Puri, G. (1995). The use o f l3N pool dilution and enrichment 
to separate the heterotrophic and autotrophic pathways o f nitrification. Soil Biology 
and Biochemistry  27, 17-22.
Bogan, B.W., Schoenike, B., Lamar, R.T., and Cullen, D. (1996) Manganese 
peroxidase messenger-rna and enzyme-activity levels during bioremediation of 
polycyclic aromatic hydrocarbon-contaminated soil with phanerochaete- 
chrysosporium. A pplied And Environmental M icrobiology  62, 2381-2386.
Bolton H. Jr., Fredrickson J.K., Bentjen S.A., Workman D.J., Scu-mei W.Li. and 
Thomas, J.M. (1991). Field calibration o f soil core microcosms: Fate o f genetically 
altered Rhizobacterium. M icrobial Ecology  2 1 , 163-173 .
Bopaiah, B.M. and Shetty, FI.S. (1991). Soil microflora and biological activities in 
the rhizospheres and root regions o f coconut-based multi-storeyed cropping and 
coconut monocropping systems. Soil Biology and Biochemistry 23, 89-94.
REFERENCES
Bottner, P. (1985). Response o f microbial biomass to alternate moist and diy 
conditions in soil incubated with l4C and l;>N-labled plant material. Soil Biology and 
Biochemistry 17, 329-337.
Carter, J.P. and Lynch, J.M. (1993). Immunological and molecular techniques for 
studying the dynamics o f microbial populations and communities in soil. In Bollag, J- 
M. And Stotzky, G. (Eds.) Soil Biochemistry, Vol. 8. Marcel Decker, New York, 
pp249-272.
Christienson, H. and Poulsen, L.K. (1994). Detection o f Pseudomonas in soil by 
l’RNA targeted in situ hybridisation. Soil Biology and Biochemistry 26, 1093-1096.
Ciardi, C., Ceccanti, B. and Nannipieri, P. (1991). Method to determine the 
adenylate energy charge in soil. Soil Biology and Biochemistry 23, 1099-1101,
Citernesi A.S., Filippi C., Bagnoli G. and Giovannetti M. (1994) Effects o f the 
antimycotic molecule lturin-A2, secreted by Bacillus sublilus strain M51, on 
arbuscular mycorrhizal fungi. M icrohioogicall Research 149, 241-246
Clark, R.B. and Reinhard, N. (1991). Effects o f soil temperature on root and shoot 
growth traits and iron deficiency chlorosis in sorghum genotypes grown on low iron 
calcarious soil. Plant, and Soil 130, 97-103.
-175-
REFERENCES
Colbert SF, Hendson M, Ferri M, Schroth MN (1993) Enhanced growth and 
activity o f a biocontrol bacterium genetically-engineered to utilise salicylate. Applied 
Environmental Microbiology 59, 2071-2076
Colwell, R.R., Brayton, P.R., Grimes, D.J., Rosak, D.B., Huq, S.A. and Palmer, 
L.M. (1985). Viable but unculturable Vibrio cholerae and related pathogens in the 
environment: implications for the release o f genetically engineered micro-organisms. 
Bio/technol'ogy 3, 817-820.
De Leij F.A.A.M., Bailey M.J., Whipps J.M. and Lynch J.M. (1993a) A simple 
most probable number technique for the sensitive recovery o f a genetically modified 
Pseudomonas aureofaciens from soil. Belters in Applied Microbiolog)* 16, 307-310.
De Leij F.A.A.M., Whipps J.M. and Lynch J.M. (1993b) The use o f colony 
development for the characterisation of bacterial communities in soil and on roots.
Microbial Ecology 27, 81-97.
De Leij F.A.A.M., Sutton E.J., Whipps J.M. and Lynch J.M. (1994a) Spread and 
survival o f a genetically modified Pseudomonas aureofaciens in the phytosphere of 
wheat and in soil. Applied Soil Ecology 1 , 207-218.
Deoliveira, R.D.B., Wolters, A.C., and Vanelsas, J.D. (1995) Effects o f  
antibiotics in soil on the population-dynamics o f transposon tn5 carrying 
Pseudomonas-fluorescens. Plant and Soil 175, 323-333.
REFERENCES
De Leij F.A.A.M., Sutton E.J., Whipps J.M., and Lynch J.M. (1994b) Effect of 
genetically modified Pseudomonas aureofaciens on indigenous populations o f wheat. 
FEMSMicrobiological Ecology? 13, 249-258.
De Leij FA AM, Sutton EJ, Whipps JM, Fenlon JS Lynch JM (1995) Field release 
o f a genetically modified Pseudomonas aureofaciens on wheat: establishment, 
survival and dissemination. Bio/technology? 13, 1488-1492
De Leij, F.A.A.M., Sutton, E.J., Whipps, J.M., and Lynch, J.M. (1995). Impact o f 
field release o f genetically modified Pseudomonas fluorescens on indigenous 
populations o f wheat. Applied and Environmental Microbiology> 61, 3443-3453.
De Ley, J. (1970). Re-examination o f the association between melting point, 
buoyant density and chemical base composition of deoxyribonucleic acid. Journal o f 
Bacteriology 101, 738-754.
DOE Genetically Modified Organisms (deliberate release) regulations 1992. S.I. 
1992/3280.
DOE Genetically Modified Organisms (deliberate release) regulations 1993. S.I. 
1993/152.
Elliott, M.L., Desjardin, E.A., and Dibonito, R. (1994) Reisolation and 
enumeration o f transformed Streptomyces strains from plant-roots. Journal o f  
Applied Bacteriology IT, 80-87.
REFERENCES
DOE Genetically Modified Organisms (deliberate release) regulations 1995. S.I. 
1995/304.
Doyle, J.D. and Stotzky, G. (1993), Methods for the detection o f changes in the 
microbial ecology o f soil caused by the introduction o f micro-organisms. M icrobial 
Releases 2, 63-72.
Drahos, D.J., Hemming, B.C. And Mcpherson, S. (1986). Tracking recombinant 
organisms in the environment; p-galactosidase as a selectable non-antibiotic marker for 
fluorescent pseudomonads. Bio/Technology 4, 439-444.
Drury, C.F., Voroney, R.P. and Beauchamp, E.G. (1991). Availability o f NH4+-N 
to micro-organisms and the soil internal N cycle. Soil Biology and Biochemistry  23, 
165-169.
EC Commission Directive 1994. 94/15/EC(e).
EEC Commission Directive 1990. 90/220/EEC.
Endo, T., Taiki, IC, Nobatsura, T. and Michihiko, S. (1982). Effect o f insecticide 
caitap hydrochloride on soil enzyme activities, respiration and on nitrification. 
Journal o f  Pesticide Science 7, 101-110.
England, L.S., Lee, H., and Trevors, J.T. (1993) Recombinant and wild-type 
pseudomonas-aureofaciens strains in soil - survival, respiratory activity and 
effects on nodulation o f whitebean Phaseolus-vulgaris 1 by Rhizobium species. 
Molecular Ecology 2, 303-313.
England, L.S., Lee, H., and Trevors, J.T. (1995) Recombinant and wild-type 
Pseudomonas-aureofaciens strains introduced into soil microcosms - effect on 
decomposition o f cellulose and straw. Molecular Ecology 4, 221-230.
Falih, A.M.K. and Wainwright, M. (1996) Microbial and enzyme activity in 
soil amended with a natural source o f easily available carbon. Biology and 
Fertility o f  Soils 21, 177-183.
Flemming, C.A., Leung, K.T., Lee, H., Trevors, J.T., and Greer, C.W. (1994) 
Survival o f lux-lac-marked biosurfactant-producing Pseudomonas-aeruginosa 
ug21 in soil monitored by nonselective plating and per. Applied and 
Environmental Microbiology 60, 1606-1613.
REFERENCES
Farrell, R.E., Gupta, V.V.S.R. and Germida, J.J. (1994). Effects o f cultivation on 
the activity and kinetics o f arylsulfatase in Saskatchewan soil. Soil Biology and 
Biochemistry 26, 1033 -1040.
Fenton, A.M., Stephens, P.M., Crowley, J., O'Callaghan, M. and O'Gara, F. (1992). 
Exploitation o f gene(s) involved in 2,4-diacetylphloroglucinol biosynthesis to confer a 
new biocontrol capacity to Pseudomonas strain. Applied and Environmental Microbiology 
58, 3873-3878.
Franken, P. and Gnadinger, F. (1994) Analysis o f parsley arbuscular 
endomycorrhiza infection development and messenger-rna levels o f defense-related 
genes. Molecular P/cmt-Microbe Interactions 7, 612-620.
Frankland, J.C., Lindley, D.K. and Swift, M.J. (1978). A comparison o f two 
methods for the estimation o f mycelial biomass in leaf litter. Soil Biology> and 
Biochemistry 10, 323-333.
Fritz, H. and Baath, E. (1993). Microfungal species composition and fungal 
biomass in a coniferous forest soil polluted by alkaline deposition. Microbial Ecology 
25, 83-92.
-179-
REFERENCES
Gallardo, A. and Schlesinger, W.H. (1994). Factors limiting microbial biomass in 
the mineral soil and forest floor o f a warm-temperate forest. Soil Biology cmd 
Biochemistry  26, 1409-1415.
Garland, J.L. and Mills, A.L. (1991). Classification and characterisation o f  
heterotrophic microbial communities on the basis o f patterns o f community-level sole- 
carbon source utilisation. Applied and Environmental M icrobiolog)’ 57, 2351-2359.
Geremia, R.A., Goldman, G.FL, Jacobs, D., Ardiles, W., Vila, S.B., Vanmontagu, 
M., and Herreraestrella, A. (1993) Molecular characterization o f the proteinase- 
encoding gene, prbl, related to mycoparasitism by trichoderma-harzianum. M olecular 
M icrobiology  8, 603-613.
Gianfreda L., Sannino F., Ortego N. and Nannipieri P. (1994) Activity o f free and 
immobilised urease in soil: effects of pesticides. Soil Biology.> and Biochemistry 26, 
777-784.
Gianinazzi S, Trouvelot A, Lovato P, Vantuinen D, Franken P, Pearson V (1995) 
Arbuscular mycorrhizal fungi in plant-production o f temperate agroecosystems. 
Critical Reviews in Biotechnology 15, 305-311.
REFERENCES
Goncalves, J.L.M. and Carlyle, J.C. (1994). Modelling the influence o f moisture 
and temperature on net nitrogen mineralisation in a forested sandy soil. Soil Biology 
and Biochemistry 26, 1557-1564.
i
Gould, W.D., Bryant, R.J., Trofymow, J.A., Anderson, R.V., Elliot, E.T. and i 
Coleman, D.C. (1981). Chitin decomposition in a model soil system. Soil Biology> and 
Biochemistry  13, 487-492. ■
Gumstead, N.C., Henningson, P.J. and Bugbee, W.M. (1988). Cellular fatty acid 
comparison o f sixains o f Corynehctcleriiim michiganense subsp. sepedonicum  from 
potato and sugarbeet. Journal o f  Microbiology* 34, 716-722.
i
Haska, G. (1981). Activity o f bacteriolytic enzymes adsorbed to clays. M icrobial 
Ecology  7, 331-341.
Ii
Hassink, J. (1994a). Effect o f soil texture on the size o f the microbial biomass and 
on the amount o f C and N mineralised per unit o f microbial biomass in Dutch 
grassland soils. Soil Biology* and Biochemistry 26, 1573-1581.
Hassink, J. (1994b). Effects of soil texture and grassland management on soil 
organic C and N and rates o f C and N mineralisation. Soil Biology* and Biochemistry 
26, 1573-1581.
-181-
REFERENCES
Hatton, T. (1982). Analysis of plate count data of bacteria in natural environments. 
Journal o f  General and Applied Microbiology 28, 13-22.
Hattori, T. (1983). Further analysis of plate count data o f bacteria. Journal o f  General 
and Applied Microbiology 29, 13-22.
Honerlage, W., Hahn, D., and Zeyer, J. (1995) Detection o f messenger-ma o f nprm 
in bacillus-megaterium atcc-14581 grown in soil by whole-cell hybridization. Archives 
O f M icrobiology  163, 235-241.
Inbar, J. and Chet, I. (1991a). Evidence that chitinase produced by Aeromonas 
caviae is involved in the biological control o f soil borne plant pathogens by the 
bacterium. Soil Biology and Biochemistry 23, 973-978.
Inbar, J. and Chet, I. (1991b). Detection o f chitinolytic activity in the rhizosphere 
using image analysis. Soil Biology and Biochemistry 23, 239-242.
James, W.C. (1981). Estimated losses o f crops from plant pathogens. In: Pimentel 
D. (ed.) Handbook o f  Pest Management in Agriculture Vol.l. pp.79-94 Boca Raton, 
FL: CRC Press.
-182-
Jensen, L.B., Ramos, J.L., Kaneva, Z., and Molin, S. (1993) A substrate- 
dependent biological containment system for Pseudomonas- putida based on 
the Escherichia-coli gef gene. Applied and Environmental Microbiology 59, 
3713-3717.
REFERENCES
Jansson, S.L. (1958). Tracer studies on nitrogen transformations in soil with special 
attention to mineralisation-immobilisation relationships. Annals o f  the Royal 
Agricultural College, Sweden 24, 101-361.
Janzen, R.A., Cook, F.D. and Mcgill, W.B. (1995). Compost extract added to 
microcosms may simulate community-level controls on soil micro-organisms involved 
in element cycling. Soil Biology> and Biochemistry 27, 181-188.
Jenkinson, D.S. (1988). Determination o f microbial biomass carbon and nitrogen in 
soil. In: Wilson J.B. (ed.) Advances in Nitrogen Cycling, pp. 368-386 CAB 
International, Wallingdford.
Jenkinson, D.S. and Ladd, J.N. (1981). Microbial biomass in soil - measurement 
and turnover. In: Paul E.A. and Ladd J.N. (eds.) Soil Biochemistry V.5 pp. 415-471 
Mercol Dekker, New York.
Jenkinson, D.S., Adams, D.E. and Wild, A. (1991). Model estimates o f C 0 2
t
emissions from soil in response to global warming. Nature 351, 304-306.
j
i
Jones, D.A. and Kerr, A. (1989). The efficacy o f Agrobacterium radiobacter  strain 
K1026, a genetically-engineered derivative o f strain K84, for the biological control o f 
crown gall. Plant Disease 73, 15-18.
REFERENCES
Jones, R.A., Broder, M.W. and Stotzky G. (1991). Effects o f genetically engineered 
micro-organisms on nitrogen transformations and nitrogen-transforming microbial 
populations in soil. Applied and Environmental Microbiology 57, 3212-3219.
Jordan D., Kremer R.J., Stanley L., Bergfield W.A., Kim K.Y. and Cacnio V.N. 
(1995) An evaluation o f microbial methods as indicators o f soil quality in long-term 
cropping practices in historical fields. Biology? and Fe n il ily? o f  soils  19, 297-308.
Karl D.M. (1980) Cellular nucleotide measurements and applications in microbial 
ecology. M icrobiological Reviews 44, 739-796.
Katoh, K and Itoh, K (1983), New selective media for Pseudomanas strains 
producing fluorescent pigment. Soil Science and Plan! Nutrition. 29, 525-532.
Kerr, A. (1989). Commercial release o f a genetically engineered bacterium for the 
control o f crown gall. Agricultural Science November 1989, 41-44
King EB, Parke JL (1993) Bioconlrol o f aphanomyces root-rot and pythium 
damping-off by Pseudomonas cepacia  ammd on 4 pea cultivars. Plant Disease  77, 
1185-1188
King, J.D. and White, D.C. (1977). Muramic acid as a measure o f microbial 
biomass. Applied and Environmental Microbiology? 33, 777-783.
-184-
REFERENCES
Lambais, M.R. and Mehdy, M.C, (1993) Suppression o f endochitinase, beta-1,3- 
endoglucanase, and chalcone isomerase expression in bean vesicular-arbuscular 
mycorrhizal roots under different soil phosphate conditions. M olecular Plant-Microbe 
Interactions 6, 75-83.
Levy E, Carmeli S (1995) Biological-control o f plant-pathogens by antibiotic- 
producing bacteria. American Chemical Society, Symposium Series 582, 300-309.
Lynch, J.M. and Panting, L.M. (1980). Cultivation and the soil biomass. Soil 
Biology and Biochemistry 12, 29-33.
Lynch, J.M., Slater, J.H., Bennet, J.A. and Harper, S.H.T. (1981). Cellulase 
activities o f some aerobic micro-organisms isolated from soil. Journal o f  General 
M icrobiology 111, 23 1-236.
Mathre DE, Callan NW, Johnston RH, Miller JB, Schwend A (1994) Factors 
influencing the control o f pylhium ultimum induced seed decay by seed treatment with 
Pseudomonas-aureofaciens ab254. Crop Protection 13, 301-307.
Mawdsley J.L. and Burns R.G. (1994) Inoculation o f plants with Flavobaclerium  
P25 results in altered rhizosphere enzyme activities. Soil Biology> and Biochemistry 26, 
871-882.
-185-
REFERENCES
McGurl, B., Mukherjee, S., Michael, K., and Ryan, C.A. (1995) Characterization o f j 
2 proteinase-inhibitor (ati) cdnas from alfalfa leaves (medicago-sativa var vemema) - 
the expression o f ati genes in response to wounding and soil-microorganisms. Plant
t
M olecular Biology  27, 995-1001.
Meonne-Loccoz, Y., Powell, J. and OGara, F. (1996) Impact of seed inoculation with 
Pseudomonas fluorescens FI 13 Rif on sugar beet crop and subsequent red clovers. FEMS 
Microbiology Ecology.>. In press.
i
Miekle A., Glover L.A., Killman K. and Prosser J.L (1994) Potential luminescence 
as an indicator o f activation o f genetically Pseudomonas fluorescens  in liquid culture I
and in soil. Soil Biology.> and Biochemistry 26, 747-755.
Miller, W.N. and Casida, L.E.Jnr. (1970). Evidence for muramic acid in soil. 
Canadian Journal o f  Microbiology? 16, 299-304. ;
Mills, A.L. and Wassel, R.A. (1980). Aspects o f diversity measurement for ;
microbial communities. Applied and Environmental Microbiology> 40, 578-586.
Mills, P.R. (1994). DNA based methods for identification and characterization. In: 
Hawksworth D.L. (ed.) The Identification and Characterization o f  Pest Organisms. 
pp. 427-435 CAB International, Wallingford.
-186-
REFERENCES
Mishra, P.C. and Pradhan, S.C. (1987). Seasonal variation in amylase, invertase, 
cellulase activity and carbon dioxide evolution in a tropical protected grassland of 
Orissa, India, sprayed with carbyl insecticide. Environmnlctl Pol hit ion 43, 291-300.
Morgan J.A.W. (1991) Molecular biology: new tools for studying microbial 
ecology. Scientific Progress, Edinburgh. 75,265-278.
i
Moriarty, D.J.W. (1977). Improved method using muramic acid to estimate biomass 
o f bacteria in sediments. Oecologict 26, 3 17-323.
Naseby, D.C. and Lynch, JM . (1996a). Functional impact o f genetically modified 
micro-organisms on the soil ecosystem. In J.T. Zelikoff, J. Schepers and J.M. Lynch 
(Eds.) Ecotoxicolog)*: Responses, Biomarkers and Risk Assessment. SOS Publications,
Fair Haven, N.J, USA. In press.
j
Naseby, D.C. and Lynch, J.M. (1996b). Rhizosphere soil enzymes as indicators o f • 
perturbation caused by a genetically modified strain of Pseudomonas fluorescens on j 
wheat seed. Soil Biology and Biochemistry. In press.
Nelson, E.B. (1990) Exudate molecules initiating fungal responces to seeds and 
roots. Plant and Soil 129, 61-73.
REFERENCES
Nelson E.B. and Maloney A.P. (1992) Molecular approaches for undestanding 
biological control mechanisms in bacteria: studies o f the interaction o f Enterobcicter 
cloacae with Pylhium ultimum. Canadian Journal o f Plant Pathology 14, 106-114
Newell, S.Y., Miller, J.D. and Fallon, R.D. (1987). Ergosterol content o f salt marsh 
fungi: effect o f growth conditions and mycelial age. Mycologia 79, 688-695.
O ’Donnell, A.G. (1994). Quantitative and qualitative analysis o f fatty acids in the 
classification and identification o f micro-organisms. In: Hawksworth D.L. (Ed.) The 
Identification and Characterisation o f Pest Organisms, pp. 323-335 CAB 
international, Wallingford.
Ohtonen, R., Lahdesmaki, P. and Markkola, A.M. (1994). Cellulase activity in 
forest humus along an industrial pollution gradient in Oulu, Northern Finland. Soil 
Biology and Biochemistry 26, 97-101.
Panikov, N. (1994). Population dynamics of micro-organisms with different life 
strategies, In: M.J. Bazin and J.M. Lynch (eds) Environmental gene release: models, 
experiments and risk assessment, pp. 47-65. Chapman and Hall, London.
Paulitz TC (1991) Effect o f Pseudomonas putida on the stimulation o f Pythium 
ultimum by seed volatiles o f pea and soybean. Phytopathology 81, 1282-1287.
Rattray, E.A.S., Tyrrell, J.A., Prosser, J.L, Glover, L.A., and Killham, K. 
(1993) Effect o f soil bulk-density and temperature on wheat rhizosphere 
colonization by lux-marked Pseudomonas-fluorescens. European Journal o f  
Soil Biology 29, 73-82.
REFERENCES
Pickup R.W. (1991) Development o f molecular methods for the detection of 
specific bacteria in the environment. Journal o f  General M icrobiology  137, 1009- 
1019.
Powell KA, Jutsum AR (1993) Technical and commercial aspects o f biocontrol 
products. Pesticide Science 37, 399-403.
Rainey, P.B., Bailey, M.J. and Thompson, I.P. (1994). Phenotypic and genotypic 
diversity of fluorescent Pseudomonads isolated from field grown sugar beet. 
Microbiology? 140, 2313-2331.
Ridout, C.J., Coley-Smith, J.R. and Lynch, J.M. (1986). Enzyme activity and 
electrophoretic profile o f extracellular protein induced in Trichoderma spp. by cell 
walls o f Rhizoctonict solani. Journal o f  General Microbiology? 132, 2345-2352.
Ritz, K. and Griffiths, B.S. (1994). Potential application o f a community 
hybridisation technique for assessing changes in the population structure o f soil 
microbial communities. Soil Biology? and Biochem is try? 26, 963-971.
Ross, D.J. and Sparling, G.P. (1993). Comparison o f methods to estimate microbial 
C and N  in litter and soil under Pinas radiatct on a coastal sand. Soil Biology and 
Biochemistry 25, 1591-1599.
REFERENCES
Satpathy, G. and Behera, N. (1993). Effect o f malathion on cellulase, protease, 
urease and phosphatase activities from a tropical grassland soil o f Orissa, India. 
Journal o f  Environmental Biology? 14, 301-310.
Schipper, L.A., Cooper, A.B., Harfoot, C.G. and Dyck, W.J. (1994). An inverse 
relationship between nitrate and ammonium in an organic riparian soil. Soil Biology? 
and Biochemistry? 26, 799-800.
Schmidt, S.K. (1992). A substrate induced growth-response method for estimating 
the biomass o f microbial functional groups in soil and aquatic systems. FEMS 
Microbiology? Ecology? 101, 197-206.
Seal, S.E. (1994). DNA probes and PCR based methods or identification and 
diagnosis o f bacterial plant pathogens. In: Hawksworth D.L. (Ed.) The identification 
and characterisation o f  pest organisms, pp 437-445 CAB international, Wallingford.
Seidler, R.J. (1992). Evaluation of methods for detecting ecological effects from 
genetically engineered micro-organisms and microbial pest control agents in terrestrial 
environments. Biotechnology? Advances 10, 149-178.
Shanahan, P., O'Sullivan, D.J., Simpson, P., Glennon, J.D. and O'Gara, F. (1992). 
Isolation of 2,4-diacetylphlorogIucinol from a fluorescent pseudomonad and investigation
REFERENCES
of physiological parameters influencing its production. Applied and Environmental 
Microbiology* 58, 353-358.
ShimalcaraK. and Takiguchi Y. (1988) Preparation o f crustacean chitin. Methods in 
Enzymology 161, 417-423.
Short, K.A., Seidler, R.J. and Olson, R.H. (1990). Survival and degrative capacity of 
Pseudomonas pulida induced or constitutively expressed plasmid mediated degradation of
2,4-dichlorophenoxyacetate (TFD) in soil. Canadian Journal o f Microbiology 36, 821- 
826.
Simkins, S. and Alexander, M. (1984). Models for mineralisation kinetics with the 
variables o f substrate concentration and population density. Applied and 
Environmental Microbiology* 47, 1299-1306.
Smit E., Van Elsas J.D. and Van Veen J.N. (1992) Risks associated with the 
application o f genetically modified microorganisms in terrestrial environments. FEMS 
Microbiological Reviews 88, 263-278.
Stockdale, E.A. and Rees, R.M. (1994). Relationships between biomass nitrogen 
and nitrogen extracted by other nitrogen availability methods. Soil Biology* and[ 
Biochemistry 26, 1213 - 1220.
REFERENCES
Stotzky, G., Broder, M.W. Doyle, G.D. and Jones, R.A. (1993). Selected methods for 
the detection and assessment o f ecological effects resulting from the release of genetically 
engineered micro-organisms to the terrestrial environment. Advances in Applied 
M icrobiology 38, 1-98.
Tabatabai M.A. (1982) Soil Enzymes. In A.L. Page, R.H. Miller and D.R. Keeney 
(Eds), Methods in Soil Analysis, part 2, Chemical and M icrobiological Properties. 2nd 
Edn, pp. 903-948. American Society o f Agronomy, Madison.
Tadano T., Ozowa IC, Satai M., Osaki M. and Matsui IT (1993) Secretion o f acid 
phosphatase by the roots of crop plants under phosphorus-deficient conditions and 
some properties o f the enzyme secreted by lupin roots. Plant and Soil 155-156, 95-98.
Tarafdar J.C. and Marschner H. (1994) Phosphatase activity in the rhizosphere and 
hyphosphere o f VA mycorrhizal wheat supplied with inorganic and organic 
phosphorus. Soil Biology> and Biochemistry 26, 387-395.
Tate ICR. and Jenkinson D.S. (1982) Adenosine triphosphate measurement in soil: 
an improved method. Soil Biology> and Biochemistry 14, 331-335.
Tate, R.L. and Mills, A.L. (1983). Cropping and the diversity and function of 
bacteria in Pahokee muck. Soil Biology and Biochemistry 15, 175-179.
Vanelsas, J.D., Wolters, A.C., Clegg, C.D., Lappinscott, H.M., and Anderson, 
J.M. (1994) Fitness o f genetically-modified Pseudomonas-fluorescens in 
competition for soil and root colonization. FEMS Microbiology Ecology 13, 
259-272.
REFERENCES
Thompson, I.P., Ellis, R.J., and Bailey, M.J. (1995) Autoecology o f a genetically 
modified fluorescent pseudomonad on sugar beet. FEMS M icrobiology Ecology  17, 1- 
13.
Trosmo A. and Harman G.G. (1993) Detection and quantification o f N-acetyl-|3-D- 
glucosamine, Chitobiosidase and endochitinase in solutions and gels. Analytical 
Biochemistry  208, 74-78.
Tsushima S., Hasebe A., Komoto Y., Carter J.P., Miyashita K., Yokoyama K. and 
Pickup R.W. (1995) Detection o f genetically engineered microorganisms in paddy soil 
using a simple and rapid “nested” polymerase chain reaction method. Soil Biology and 
Biochemistry  27, 219-227.
Van Elsas, J.D. and Waalwijk, C. (1991). Methods for the detection o f specific 
bacteria and their genes in soil. Agriculture, Ecosystems and Environment 34, 97-105.
Van Geistel, M., Ladd, J.N., and Amato, M. (1992). Microbial biomass responses 
to seasonal change and imposed drying regimes at increasing depths o f undisturbed 
topsoil profiles. Soil Biology and Biochemistry 24, 103-1 j j .
Van Geistel, M., Merckx, R. and Vlassak, K. (1993). Microbial biomass responses
\
to soil drying and rewetting: the fate o f fast and slow-growing micro-organisms from 
different climates. Soil Biology and Biochemistry 25, 109-123.
REFERENCES
Wang, Z., Crawford, D.L., Magnunson, T.S., Bleakley, B.H. and I-Ierlel, G. (1991) 
Effects o f bacterial lignin peroxidase on organic carbon mineralisation in soil using 
recombinant Slreplomyces strains. Canadian Journal o f Microbiology 37, 287-294.
Wardle, D.A. and Parkinson, D. (1991). A statistical evaluation o f equations for 
predicting total microbial biomass carbon using physiological and biochemical 
methods. Agriculture Ecosystems and Environment 34, 75-86.
Weatherburn M.W. (1967) Phenol-hypochlorite reaction for determination of 
ammonia. Analytical Chemistry 39, 971-974.
Webster J.J., Hampton G.J. and Leach F.R. (1984) ATP in soil: A new extractant 
and extraction procedure. Soil Biology> and Biochemistry 16, 335-342.
Weetall, H.H. (1975). Immobilised enzymes and their application in the food and 
beverage industry. Process Biochemistry 10, 3-24.
Whipps, J.M., De Leij, F.A.A.M., Lynch, J.M. and Bailey, M.J. (1996). Impact of 
genetically modified micro-organisms on the terrestrial microbiota including fungi, hi J. 
Franldand N. Magan and G.Gadd(eds.) pp219-316. Fungi and Environmental Change. 
Cambridge University Press, Cambridge.
Wu, J., Odonnell, A.G., and Syers, J.K. (1995) Influences o f glucose, nitrogen 
and plant residues on the immobilization o f sulfate-s in soil. Soil Biology & 
Biochemistry 27, 1363-1370.
REFERENCES
W illiam son, JW . and Hartel, P.G. (1991). Rhizosphere growth o f Pseudomonas 
solanacearum  genetically altered in extracellular enzyme production. S o il B io logy and  
B iochem istry  23, 453-458.
W irth  S.J. and W o lf G.A. (1992) M icroplate colourim etric assay fo r endo-acting 
cellulase, xylanase, chitinase, 1,3, (3 glucanase and amylase extracted from  forest soil 
horizons. S o il B io logy> and B iochem istry  24, 511-519.
Zac, J.C., W illig , M .R ., Moorhead, D.L. and W ildm an, H.G. (1994). Functional 
d iversity o f m icrobial communities: a quantitative approach. S o il B io logy and  
B iochem istry  26, 1 101-1108,
-195-
